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Abstract
The development of more efficient methods of membrane-based gas absorption has 

recently received considerable interest in two areas: the biological treatment of 

contaminated gas streams and the abiotic gas absorption of waste gases. The present 

work refers to a hollow fibre membrane gas absorber operating in non-wetted mode 

applied for the scrubbing of hydrogen sulphide from air, with pure water as the contact 

solvent. Two case studies were investigated: (1) H2S absorption within single passage 

through the membrane and (2) absorption of H2S using recycle. In both cases, counter- 

current flow configuration was studied. In all cases under investigation, the test 

contaminant was passing through the shell side of the membrane module while the 

liquid absorbent was flowing inside the fibre lumens. The systems studied were pure 

H2S absorption in water and absorption of H2S from its mixtures in air by water. 

Measurements were conducted at liquid pH values in the range between 7 and 13.

A numerical model describing the absorption process for each case either as physical 

transport or reactive absorption of species was developed. The chemistry and the 

kinetics of H2S in alkaline environment have been studied and the experimentally 

determined kinetic data were used to determine the values of rate parameters. Laminar 

parabolic velocity profile was assumed to describe the flow in the tube side while 

Happel’s free surface model was applied to characterise the shell side flow. The model 

predictions were in good agreement with the experimental observations.

The absorption characteristics of the hollow fibre membrane were compared with those 

of the conventional processes. The system’s performance, based on data available from 

both pilot plant and full scale applications, was reviewed and the dependence of the 

overall mass transfer coefficient on the system’s process parameters was investigated. 

Overall, the performance of the unit was strongly dependent on the gas phase velocity 

and the initial water pH. Correlation of the mass transfer data in terms of classical 

dimensionless numbers revealed the hydrodynamic parameter (Gz) to increase as a 

function of pH indicating a greater importance on the gas phase velocity as the pH 

increases.
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Nomenclature

Nomenclature

The symbols used in the text are listed in alphabetical order.

Symbol Description Unit

a Gas-liquid interfacial area per unit volume m2/m3

A Filter plan surface area m2

Gas cross sectional area m2

Al Liquid cross sectional area m2

A sh e ll Shell cross sectional area m2

A t Total contact area m2

C Concentration of substance g/m3

CA Concentration of component A g/m3

cAb Concentration of component A in the bulk

CAo Initial concentration of component A ; g/m3

cAi Concentration of component A at the gas liquid interface g/m3

CB Concentration of component B g/m3

C b o Initial concentration of component B g/m3

r gm Inlet gas concentration - g/m3

C gou t Concentration of H2S in the gas outlet g/m3

Ci Concentration of species i g/m3

Q g Concentration of species i in the gas phase g/m3

c'iG Dimensionless concentration of species i in the gas phase -

CiL Concentration of species i in the liquid phase g/m3

C\L Dimensionless concentration of species i in the liquid phase -

Qm Concentration of species i in the membrane phase g/m3

Q w Concentration of species i in the liquid at the membrane wall g/m3

C lou t Concentration of H2S in the liquid outlet g/m3

D b l Diffusion coefficient of component B in the liquid phase m2/s

deq Equivalent diameter m

di Inner fibre diameter m

Di Diffusion coefficient of species i m2/s

D ig Diffusion coefficient of species i in the gas phase m2/s
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Ax Diffusion coefficient of species i in the liquid phase

A m Diffusion coefficient of species i in the membrane phase

Dl Liquid phase diffusion coefficient

do Outer fibre diameter

dQ Change in the concentration of species i

dPzs Change in shell-side pressure

dr Change in radius

dt Change in time

dlizs Change in axial shell-side velocity

dz Change in length

E Enhancement factor

Gz Graetz number

H Henry’s law constant

[H2S] Concentration of unionised hydrogen sulphide

[US'] Concentration of hydrogen sulphide ion

HTU Height of transfer unit

Ja Absorption rate of component A

Jo First kind Bessel function of zero order

Ji First kind Bessel function of first order

K Overall mass transfer coefficient

k constant

Ke Equilibrium constant

Kg Overall mass transfer coefficient in the gas phase

kg Individual gas phase mass transfer coefficient

K qci Gas absorption coefficient

Kl Overall mass transfer coefficient in the liquid phase

ki Individual liquid phase mass transfer coefficient

KLa Liquid absorption coefficient

km Membrane mass transfer coefficient

kR Reaction rate constant

Kw Water ionisation constant

Kj First ionisation constant

k 2 Second ionisation constant
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m2/s

m2/s

m

mol/L

mol/L

m
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ki, k2 Thermal diffusivities of a substance m /s

L Length of membrane module m

I Membrane thickness m

LTU Length of transfer unit m

MW Molecular weight g/mol

Nf Number of hollow fibres -

tliz flow rate of species i in the z direction m3/s

NTU Number of transfer units -
*

P Partial pressure of substance at the gas-liquid interface Kg/m2

P Partial pressure of substance Kg/m2

PAb Partial pressure of component A Kg/m2

PAi Partial pressure of component A at the gas-liquid interface Kg/m2

PS Partial pressure of gas Kg/m2

Pi Parial pressure of a substance at the interface Kg/m2

Qg Volumetric gas flow rate m3/s

Ql Volumetric liquid flow rate m3/s

Qs Volumetric liquid flow rate on shell side m3/s

R gas constant J/(kg K)

r radius m
r Dimensionless radius m

rA Reaction rate of component A Kg/(m3 s)

Re Reynolds number -

re Free surface radius m

rQ Outer radius of the hollow fibre m

r P Membrane pore radius m

rs Shell radius of the hollow fibre m

rt Inner tube radius of the hollow fibre m

S Liquid solubility mg/L

[S2-] Concentration of sulphide ion mol/L

Sc Schmidt number -

Sh Sherwood number -

T Temperature of a substance K

t time s
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To Initial temperature of a substance K

uz Axial velocity m/s

U Zs Shell side velocity m/s

<~'UZS^> Average shell side velocity m/s

Uz t Tube side velocity m/s

< u zt> Average tube side velocity m/s

V Filter media volume m3

Y0 Second kind Bessel function of zero order -

Yj Second kind Bessel function of first order -

zl Thickness of the liquid film m

a H2S Fraction of dissolved sulphide as H2S -

a HS~ Fraction of dissolved sulphide as HS' -

< v Fraction of dissolved sulphide as S " -

£ Shell side void fraction of the fluid free hollow fibre module -

Packing fraction of the membrane module -

e Theta constant -

X Mean free path of the gas -

p Viscosity Pa s

V Characteristic flow velocity m/s

P Density Kg/m3

T Residence time s

Tortuosity of the membrane pore -

V Axial velocity m/s

* Packing fraction -

Mathematical operators, symbols and physical constants

A Difference

8 Difference

0 Average

7t 3.141592...

i Mesh points in the r direction
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j  Mesh points in the z direction

Abbreviations and chemical formulae

The abbreviations used in text in alphabetical order are the following:

Abbreviation Explanation

BTEX Benzene Toluene Ethylbenzene Xylenes

((CH3)2NC6H4NH2) N,N-dimethyl-p-phenylenediamine

C16H18CIN3S Methylene blue

Cl-S-S-Cl Dichlorodisulphane

CO2 Carbon dioxide

Cone. Concentration

FRP Fibre reinforced plastic

GC Gas chromatography

H2O Water

H2S Hydrogen sulphide

H2S2 Disulfane

H2SO4 Sulphuric acid

H30 + Hydrogen ion

HF Hydrophobic

HS' Hydrogen sulphide ion

HSO3' Bisulfite anion

ipp  . „ Inductively Coupled Plasma-Atomic Emission
Spectrophotometry

K2Cr207  Potassium dichromate

MGA Membrane gas absorption

MW Molecular Weight

N2 Nitrogen

NaOCl Sodium hypochlorite

Na2S0 3  Sodium sulfite

NH3 Ammonia

0 2 Oxygen

-0 3 S(S)nS0 3 _ Polythionate

xxi
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ppm

R-Sn-R

RSO3'

-S (S \S -

S2'

S22'
S20 32-

S20 42-

s2o62-
SC12

s„
so2
S022'

so3
so32'
(so32-)
so42'
Temp. 

VOCs 

% VOL

Parts per million

Organic polysulfanes

Sulfonate

Polysulphide

Sulphide ion

Disulphide

Thiosulphate

Dithionite

Dithionate

Sulphur dichloride

Elemental sulphur

Sulphur dioxide

Sulfoxylate

Sulphur trioxide

Sulphite

Peroxosulphate

Sulphate

Temperature

Volatile organic compounds 

Percent volume



Introduction

1 Introduction

Odour abatement has become an important consideration in the design and operation of 

sewage treatment works. Various odour abatement technologies have been employed 

for many years with varying degrees of success. There are many abatement units 

available, the majority of which are end-of-pipe technologies, intended to reduce odours 

once they have escaped to the gas phase. Alternative technologies may act on the 

odorants before they have the opportunity to transfer to the atmosphere. The intention of 

this study is to investigate the use of hollow fibre membranes for odour abatement. 

Comparison of the available technologies, with specific reference to their underlying 

principles, abatement performance and operational difficulties are presented. Chapter 1 

is an introduction to odour abatement employing membranes. In this Chapter the thesis 

structure is also given.

1.1 Odours

Odours are sensations resulting from the reception of a stimulus by the olfactory 

sensory system (WEF and ASCE, 1995). Human responses to an odour are highly 

subjective; different individuals have different perception of odours (Stuetz et al., 

2001). Frechen, (1994) developed a two-stage model describing the human responses to 

an odour:

ODOURANT => Reception => Interpretation => ODOUR IMPRESSION

(Physiological) (Phycological) (Frechen, 1994)
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Odours are classified as secondary nuisances produced during the operation of a 

wastewater treatment plant. According to Frechen, (1994) odours constitute the majority 

of the likely environmental impact that will be encountered by the neighbouring 

residents living to a wastewater treatment plant. Although this is not a constant problem, 

odour emissions could result in serious annoyance; particularly in areas of high 

population has become a subject of major interest.

1.2 Odours related to wastewater

Odours associated with wastewater emissions are made of an array of compounds 

including sulphurous, nitrogenous, acids, aldehydes and ketones. Sulphurous 

compounds cause the majority of odours in wastewater treatment with hydrogen 

sulphide (H2S) being the most significant. The interactions of H2S with other 

compounds such as compounds derived from industrial discharges to the sewer can lead 

to odour problems and the production of more unpleasant odours (Vincent and Hobson, 

1998). A list of some of the typical odorous compounds along with their threshold 

concentration is shown in Table 1.1.

Odour emissions have traditionally received the least attention compared with the 

generation of liquid or solid wastes from sewage and sludge treatment works (Frechen, 

1994). This is mainly due to the fact that gaseous emissions pose fewer public health or 

environmental risks than liquid effluents and sewage sludge. Sulphurous compounds are 

considered as the most significant odorous compounds with much higher concentrations 

than those obtained using other types of odorous compounds. This can be observed 

from a study on the performance of a wastewater treatment plant in Japan consisting of 

two biological packed towers, each of which was controlled at the optimum flow rate 

and pH. Considering that one tower was removing hydrogen sulphide and the second 

tower methyl mercaptan, methyl sulphide and methyl disulphide, concentration ratios of 

5.6% for ammonia, 2.2% for dimethyl sulphide and dimethyl disulphide, 8.4% for 

methyl mercaptan, were obtained for the odorous compounds in the first tower with 

hydrogen sulphide being the most significant with a concentration ratio of 83.8% 

(Kasakura and Tatsukawa, 1995).
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Table 1.1 Principal characteristics of odour-forming compounds (Bonnin et al., 1990)

Chemical
Formula

Threshold
Class Compound MW Odour Concentration

(ppm)
Hydrogen
Sulphide 34 H2S Rotten egg 7xlO'5 - 2xl0'3

Methyl
Mercaptan 48 ch3sh Cabbage, garlic 0.0025 - 0.004

Sulphides Ethyl Mercaptan 62 c 2h 5sh Rotten cabbage 3.9X10-4 - 0.12

Dimethylsulphide 62 (CH3)2-S Rotten
vegetable 9.7xioJ ,-0.25

Diethylsulphide 90 (C2H5)2-S Ether 0.0012 - 0.083
Dimethylsulphide 94 (CH3)2-S2 Putrification 7x1 O'4 - 0.0036

Ammonia 17 NH3 Irritating 0.5
Methylamine 31 CH3NH2 Rotten fish 0.016
Ethylamine 45 c 2h 5n h 2 Ammoniacal 0.027 -  0.44

Dimethylamine 45 (CH3)2NH Dying fish 0.025-0.085
Nitrous

Indole 117 c 8h 6n h Faecal,
nauseating 1.2xl0'4

Skatole 131 c 9h 8n h Faecal,
nauseating 1.5xl0'4

Cadaverine 102 NH2(CH2)5NH2
Decomposing

meat -

Acetic 60 ch3-c o o h Vinegar 0 .0 1 - 2 .6

Acid Butyric 88 c 3h 7-c o o h Rancid 1.1 xlO-4 — 0.82
Valeric 102 C4H9-COOH Sweat 1.9X10'4-  0.31

Formaldehyde 30 H-CHO Acrid,
suffocating 0.026-9.62

Acetaldehyde 44 ch3-cho Fruit, apple 0.022-0.98

Aldehydes Butyraldehyde 72 c 3h 7-ch o Rancid 0 .0043-5

and
Ketones

Isobutyraldehyde 72 (CH3)2CHCHO Fruit 0.1

Isovaleraldehyde 86 (CH3)2CHCH2CHO Fruit, apple 0.02

Acetone 58 c h 3-co -ch 3 Fruit, sweet 0.46 -  99.5

Butanone 72 c 2h 5-co -ch 3 Green apple 0.001
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1.3 Odour sources

Odours arise mainly from the anaerobic degradation of the constituents of domestic 

sewage (Frechen, 1988; Koe, 1989; Vincent and Hobson, 1998). Additional odours can 

arise from industrial wastewater sources either directly (due to solvents, petroleum 

derivatives and other volatile organic compounds) or indirectly (where the wastewater is 

highly degradable, warm or high in sulphur) (Vincent and Hobson, 1998). Odour 

nuisance could result after formation in the liquid phase followed by transfer from the 

liquid to the gas phase. Odour sources at sewage treatment works can therefore be 

divided into two categories:

1. Those in which new odorants are formed.

2. Those which promote mass transfer for odorants which have already formed 

upstream.

Odorant mass transfer is enhanced by large surface areas for emission and by 

turbulence. Hence, flumes, large open containers of septic sewage or sludge could lead 

to odour nuisance. Sludge treatment, inlet works containing septic sewage and primary 

sedimentation tanks are classified as major sources of odours. Less significant odour 

formation is present in aerobic processes. Considering that such processes enhance mass 

transfer, the aerobic activity leads to oxidation of the odorous components into less 

odorous or non-odorous species. Overloaded aerobic systems could lead to serious 

problems or in the presence of industrial solvents.

1.4 Use of chemicals for odour control

Increasing use of rising mains for conveyance of sewage in recent years may result in 

favourable conditions for development of septic sewage. This can cause odour nuisance 

as well as treatment problems, and has led to a sharp increase in the amount of 

chemicals used for septicity prevention (Yang and Hobson, 2001).Various chemicals 

have been used for prevention of septicity, including oxygen and less frequently air,
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nitrate, iron salts (ferric chloride and ferric nitrate), stronger oxidising agents (hydrogen 

peroxide, sodium hypochlorite, chlorine dioxide and potassium permanganate). 

Amongst the chemicals utilised for septicity control, ferric and nitrate salts are applied 

most commonly in UK.

1.5 Odour abatement technologies

Three different groups of technologies are available for odour treatment from 

wastewater treatment facilities or other odour sources (Figure 1.1). These include 

physical (condensation, adsorption, and absorption), chemical (chemical scrubbers, 

thermal oxidation, catalytic oxidation, ozonation), biochemical (biofilters, bioscrubbers, 

activated sludge) (Burgess et al., 2001). A detailed review of the technologies available 

for odour control is presented in Chapter 2.

Absorption

■ Chemical p ro cesses 

j ; Scrubbers

i --M em b ran es

■ Biological p ro cesses 

■—Biofilters
i

1 -  Biotrickling filtersI
; B ioscrubbers 

1 - Activated Sludge

Adsorption 

—Activated Carbon 

l- D ry  scrubbing

G as-p h ase  technologies 

— Incineration 

—Catalytic 

-Photocatalytic 

-E n h a n c e d  oxidation

Liquid-phase treatm ents 

— Oxidants 

: Redox buffers 

— Iron salts 

— Bacteriological

Figure 1.1 Technologies available for odour abatement

Waste gas from industry has traditionally been treated using physico-chemical methods 

such as scrubbing, condensation and oxidation. However, in the past few decades 

biological treatment of waste gas has gained increasing support as an economic 

alternative with high environmental acceptability. This has led to a rapid uptake of the 

technology such that in Germany by 1994, biological processes accounted for 78% of 

all odour treatment (Frechen, 1994).

Comparison of the different technologies reveals a number of advantages and 

disadvantages which need to be considered when selecting the most appropriate
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technology for each application. For instance, packed towers and mist scrubbers are 

limited to operating envelopes which ensure good contact between the gas and the 

liquid phase often requiring multi-stage systems to achieve the required target removals. 

In contrast bioscrubbers have good contact characteristics but are highly sensitive to 

dynamic variations due to the biological nature of the treatment. Comparison of existing 

data on odour treatment is difficult due to a paucity of consistent information on loading 

characteristics such that in most cases only removal efficiencies can be compared. This 

study introduces a potential method to enhance the comparison of the different options; 

the use of a more mechanistic approach such as mass transfer analysis which addresses 

all the different technologies in a consistent way.

A relatively new technology is the introduction of membrane absorption process which 

provides fixed transfer area enabling independent control of the gas and the liquid phase 

flow rates. Membrane gas absorbers are a developing technology with limited 

application to laboratory/pilot scale. A membrane gas absorber aims the separation of a 

gas from a liquid by the use of a membrane. In such process, the odorous components 

are transferred from the gas phase into the liquid phase through the membrane; no 

contact between the gas and the liquid is observed until the transfer of mass is complete 

avoiding any flooding or foaming. This is one of the significant advantages of the 

membrane technology over conventional equipment. A detailed review on the 

application of membranes as gas absorbers for odour abatement is given in Chapter 2.

This study investigates the absorption of acid gases (H2S) using modules of 

microporous hydrophobic hollow fibres. The experimental studies have been carried out 

with gas-filled membrane pores (non-wetted mode of operation) with the liquid 

absorbent flowing inside the fibre lumens. Although the absorption of a number of 

waste gases has been studied by several research groups, there is limited information on 

the reactive absorption of H2S from gas streams using membranes. The impact of the 

liquid pH on the mass transfer process has been investigated. Gas absorption models 

have been developed on a basis of first principles in order to explain the observed 

separation and evaluate some commonly applied correlations. The present work
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attempts to provide a fundamental basis for understanding aspects of this promising 

contacting technique.

1.6 Aims and objectives

The main aim of the thesis was to study H2S absorption using membranes as an odour 

control technique.

The objectives were the following:

• To investigate the application of a HF hollow fibre membrane module for odour 

abatement.

• To investigate the effects of the system’s design parameter on H2S.

• To develop a theoretical model describing the absorption of H2S from gas 

streams.

• To compare the design specification and performance for gas contact odour 

control technologies.

1.7 Thesis structure

Followed by the present Chapter 1 where an introduction to odour abatement using 

membranes is given, Chapter 2 reviews absorption processes for odour abatement. The 

intention of the review is to compare the technologies available for odour treatment 

using mass transfer, which is a method that addresses all the technologies in a consistent 

way. The effect of the various operating variables and the impact of a chemical reaction 

on the systems performance are investigated.

In Chapter 3 the materials and methods applied for the outcome of the experimental 

studies are described. The apparatus and the techniques used for the absorption of 

hydrogen sulphide (H2S) from gas streams within single pass or recycle through the 

membrane are examined.
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The chemistry and the reaction kinetics of H2S in water solutions are outlined in 

Chapter 4. The study is focused on the dissociation of H2S in alkaline environment. The 

reaction rate of the system based on experimental studies is also investigated.

Chapter 5 reviews the experimental measurements obtained in the microporous hollow 

fibre membrane gas absorber described in Chapter 3. Results based on both single pass 

MGA and MGA with recycle are presented and discussed. The impact of variables such 

as gas and liquid velocity, concentration, and pH on the system’s performance is 

investigated. Conclusively, a comparison of the MGA results with the ones obtained in 

conventional equipment based on published information is examined.

Chapter 6 discusses the development of a theoretical model describing the mass transfer 

of counter-current contacting between gas and liquid in a hollow fibre membrane 

module for the removal of H2S from gas streams. In this Chapter the mass balance 

equations describing the concentration profile of hydrogen sulphide at different 

positions along the length of the fibre are derived and a method of solution is presented.

Chapter 7 presents the results from the modelling of the membrane gas absorber 

(MGA). Two cases have been studied. Case 1: single pass MGA and Case 2: MGA with 

recycle. In both cases pure H2S absorption and H2S absorption from H2S-air mixture 

are examined. A comparison of the model results with previous studies on various 

systems is also presented and discussed.

An overall summary of this study is presented in Chapter 8. The suggestions for future 

work are summarised in Chapter 9 while the main conclusions of the study are listed in 

Chapter 10.
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2 A review of absorption processes for odour treatment

2.1 Introduction

Public concern over odours from sewage treatment works is increasing. This review 

aims the comparison of the different absorption processes for odour abatement. The 

process comparison will be focused on parameters such as the gas absorption 

coefficients (Kqo)  and the height of transfer units (HTU) since the area available for 

mass transfer in all the systems is not fixed. The performance of each system in terms of 

the overall removal efficiencies from both pilot and full scale applications will be 

reviewed and the influence of the process parameters on the mass transfer coefficients 

will be examined. The impact of both biological and chemical reactions on the mass 

transfer and the effect of different operating variables on the operation of the processes 

will be discussed and will be used as the key parameters in the comparison of the 

different abatement techniques.

2.2 Background

A range of treatment technologies have been used to treat odorous air emitted from 

wastewater treatment plants, sludge handling facilities, and industrial processes. 

Categorization of the techniques generates three groups of treatment: biochemical 

(biofilters, bioscrubbers, activated sludge), chemical (scrubbers, thermal oxidation,
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catalytic oxidation, ozonation), and physical (condensation, adsorption). All three 

options work under the same principle of transfer of the odorant in the gas phase and the 

subsequent reactions either in the liquid or the solid phase. The fundamental difference 

between the options relates the means of capture/reaction that occurs. Theoretically 

mass transfer is a simple process but in reality, there are many variables that affect the 

efficiency of transfer. There are many factors that can reduce the efficiency of scrubbing 

systems. Odour control scrubbers remove odorous components via reacting or non

reacting chemical processes. For instance in the case of a chemical system the process 

involves a reaction or conversion of the odorous chemical once it is absorbed into the 

liquid scrubbing solution. The odorous compound reacts with a chemical in the liquid 

solution and the compound is transformed into a non-odorous or non-volatile species. 

The reactions are typically acid/base reactions or oxidation/reduction reactions. The 

chemical reactions between the odorous compounds are typically very fast. Hence, the 

odorous compound is removed or converted to non-odorous product once it is contacted 

by the scrubbing solution. An example of this type of instantaneous reaction is that of 

caustic soda with hydrogen sulphide. An instantaneous reaction converts hydrogen 

sulphide to its ionised form as long as there is sufficient sodium hydroxide and high 

enough pH. However, some reactions take time, and the time delay can impede the 

scrubbing process. An example of this type of process includes the reaction of H2S and 

organic sulphides scrubbed by chlorine solutions. In contrast, non-reacting chemical 

processes involve chemical equilibrium processes. Here, the odorous compounds are 

absorbed or condensed into the scrubbing liquid without any reaction or conversion to 

another compound. Accumulation of the odorous compounds occurs in the scrubbing 

liquid until equilibrium is established between the gas and the liquid phase. Examples of 

non-reacting chemical processes include VOC removal resulting from the slow 

reactions of VOCs with other chemicals.

The selection of a particular technology or combination of technologies depends on 

such factors as: site characteristics including operation and maintenance capabilities, 

treatment objectives, foul air flow rates, contaminant loading patterns as well as the 

characteristics and strength of odorous air. Gas phase bioreactors have been used for 

approximately 50 years for odorous off-gas treatment from wastewater treatment plants
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and other sources. Application of the technology for VOC treatment began in the early 

1980s (Ottengraf et ah, 1984, 1986). Gas phase bioreactors have been a successful 

technology for the treatment of sulphides at both pilot and full scale at concentrations 

up to 100 ppmv, with outlet concentrations below 5 ppmv being reliably attainable 

(Smet et al., 1998). The technology has been also successful with compounds having 

low values of Henry’s law coefficients such as BTEX compounds. Gas phase 

bioreactors should be effectively used in ammonia removal but only limited information 

has been published.

Even though columns and other traditional fluid/fluid contactors have been very 

effective in the chemical industry for many years, they face the disadvantage of the 

independence of the two fluid phases to be contacted, which leads to difficulties such as 

emulsions, foaming, unloading and flooding. An alternative technology that overcomes 

these disadvantages and offers substantially more interfacial area than that of the 

conventional processes is the use of microporous membranes. Although a number of 

membrane module geometries are possible, attention has been focused in hollow fibre 

membranes. Membrane contactor technology has been applied in a range of 

liquid/liquid and gas/liquid applications including fermentation, pharmaceuticals, 

wastewater treatment, chiral separations, carbonation of beverages, protein extraction, 

YOC removal from waste gases and osmotic distillation.

2.3 Mass transfer of absorption processes

The definition of mass transfer is based on empirical descriptions similar in nature to 

those used in establishing Fick’s law of diffusion. It is generally expected that the 

amount of mass transferred across an interface is proportional to the area available for 

mass transfers, and the concentration difference and can be presented in the following 

way:

R = K.aAC  (2.1)
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The constant of proportionality is known as the overall mass transfer coefficient and can 

be expressed with either gas side or liquid side numbers. Figure 2.1 shows the mass 

transfer between the gas and the liquid phases where a solute vapour is diffusing from 

the gas phase to the liquid phase. Resulting from the changes of the solute concentration 

in both gas and liquid, the rate of mass transfer is strongly dependent on the mass 

transfer coefficient in each phase respectively.

The reciprocal of the mass transfer coefficient is defined as the resistance to mass 

transfer and conveniently enables the overall coefficient to be expressed as the sum of 

the individual resistances through each part of the transfer.

The absorption rate of component A from the gas into the liquid phase as a function of 

the concentrations in the two bulk phases can be described by:

where JA is the absorption rate of component A, K g is the overall mass transfer 

coefficient in the gas phase, pA,b is the bulk partial pressure of component A, CAtb is the 

concentration of component A in the bulk and H  is the Henry’s law constant. The 

overall mass transfer coefficient is connected with the mass transfer coefficients in the 

gas and the liquid phase by the following relationship:

Figure 2.1 Mass transfer across gas-liquid interface.

(2.2)

1 1 1
(2.3)

K g kg k,
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The Henry’s coefficient (H) is defined as:

P aj =HC,U (2.4)

It should be also mentioned, however that since the interfacial region is thin, the flux 

across it will be at steady state, and the flux in the gas will equal that in the liquid. 

Hence,

J A= K L(CA,I - C j  (2.5)

Kl is the liquid phase mass transfer coefficient, Caj is the interfacial concentration and 

CAj  is the concentration of component A in the bulk liquid.

Where:

±  = (2.6)
K l kg k,

2.3.1 Effect of chemical reaction

The differences between physical and chemical absorption are shown in Figure 2.2. The 

result of the chemical reaction is to accelerate the removal of species i from the 

interface. In Figure 2.2(a), the concentration profile through the liquid film of thickness

Zl, is represented by a straight line such that kt = —^ . In 2.2(b), component i is

removed by the chemical reaction, so that the concentration profile is curved. The 

dotted line gives the concentration profile if  for the same rate of absorption i was 

removed only by diffusion (Coulson and Richardson, 1991).
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Figure 2.2 Concentration profiles for absorption (a) physical absorption (b) reactive absorption. 

For a reactive system, the overall mass transfer resistance is expressed as:

K g k EktH
(2.7)

In the above equation E  is the Enhancement factor and relates to the impact of either 

chemical or biological reaction occurring in the liquid phase. For highly soluble gases 

(large H), or compounds that react in the liquid phase (large E) the resistance to mass 

transfer in the liquid phase is very small and can be neglected; hence, the overall 

resistance to mass transfer is controlled in the gas phase as described by equation:

1 1

K,
(2 .8)

In cases, where poorly soluble gases are involved (low H) and non reactive compounds 

(small E), the overall resistance to mass transfer is controlled by the liquid phase 

resistance and the expression becomes similar to that described by equation (2.9) below:

_1_
K, ki

(2.9)

14



A review o f  absorption processes fo r  odour treatment

Gabelman and Hwang, (1999) reported that for gas absorption accompanied by a 

chemical reaction between two components (A) and (B), the reaction term is expressed 

as:

A + bB Products (2.10)

For a fast reaction and low solute concentration in the liquid, the concentration of 

component B is essentially constant and the mass transfer coefficient is given by:

k ,E  =  { k R D j i  (2.11)

where kR is the reaction rate constant. In this type of reaction, coexistence of the 

reactants is possible. An example of a fast reaction is the formation of hypochlorous and 

hydrochloric acid resulting from the transfer of chlorine in water. For an instantaneous 

reaction between two components (A) and (B) in the liquid phase, the liquid film 

coefficient including the enhancement factor is defined as:

kxE  = kt 1 +
D „CBL^B (2 .12)

In this case, coexistence of the reactants is not possible as a result of the instantaneous 

reaction. An example of such reaction is the dissociation of hydrogen sulphide in 

aqueous sodium hydroxide to form sodium bisulphide (Levenspiel, 1972; Reed et al., 

1995).

Extension of the above theory applies to membrane systems which introduce an 

additional resistance to mass transfer. The microporous membrane system operates as a 

gas absorber with a design similar to a shell-and-tube heat exchanger. Waste gases may 

flow either inside the fibre lumens or around the module side, in co-current or counter- 

current flow with the solvent stream. The membranes could be hydrophobic or 

hydrophilic with their pores being either gas-filled or liquid-filled. In such system, the 

gas-liquid interface forms at the pore mouth of the membrane since the gas and the

15
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liquid phases are flowing on each side of the membrane with no phase dispersion on 

either side.

From a mass transfer point of view, two modes of operation are possible in membrane 

gas absorption, depending on the gas and absorbent pressure on either tube or shell side 

of the membrane: gas-filled membrane pore (non-wetted mode) (Figure 2.3) and liquid- 

filled membrane pore (wetted mode) (Figure 2.4). In either case, three resistances must 

be considered in series: gas phase resistance, membrane resistance and liquid phase 

resistance respectively.

2.3.2 Gas-filled membrane pore (non-wetted mode)

In this mode of operation (Figure 2.3), the membrane pores are gas-filled and the 

membrane is hydrophobic. The gas pressure has to be set lower than that of the liquid to 

avoid dispersion of gas as bubbles into the liquid phase. The absorbent does not cross 

the membrane pore mouth unless the liquid pressure exceeds a certain critical value. In 

such system the gas-liquid interface forms at the pore mouth of the hydrophobic 

membrane on the liquid side. For the separation of the gas species from the 

contaminated gases, initially diffusion occurs through the gas film in the membrane 

pores followed by dissolution in the liquid absorbent. Since the non-wetted mode is 

characterised by gas-filled pores, the gas phase resistance is likely to be greater than that 

in the liquid phase, except for the case that the absorption process is accompanied by a 

chemical reaction or when gases of very low solubility are present.

For a non-reactive system, the overall gas transfer resistance is expressed by the 

following equation:

1 - 1 1  1= —  + —  + -----  (2.13)
K g kg km k,H

where, kg,k l,k m are the individual mass transfer coefficients for the three phases and H

is the Henry’s law constant and relates to the equilibrium that forms between the gas 

and the liquid interface. Henry’s constants for various compounds are listed in Table 

2.1. Equation (2.13) can be simplified depending on the gases present in the system. For

16
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instance in the case of sparingly soluble gases, H  has a very small value and equation 

(2.13) above reduces to:

1 1

K g kjH
(2.14)

Pliquid ^  P gas

c p

.gas-liquid

interface

membraneliquid

gas

Figure 2.3 Membrane contactor in non-wetted mode of operation (Sirkar, 1992)

provided that kg,km,k l have the same order of magnitude. In this situation the overall 

mass transfer coefficient K G is controlled by the liquid phase resistance. This is true for

gases such as oxygen (O2) and carbon dioxide (CO2). In cases that highly soluble gases 

are involved, higher values of Henry’s law coefficient are observed resulting in the 

following equation:

s - k  + 2 -  (2.15)
K c k k

t r  g

Often, it is useful to develop a relation in terms of the liquid phase overall mass transfer 

coefficien t^  (Sirkar, 1992). For a non-reactive system the equation that describes the 

overall mass transfer coefficient based on the liquid phase is as follows:

17
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K,
H  H  1—  + —  + —

km k,m l
(2.16)

For sparingly soluble gases the above expression reduces to:

1 1
 = — (2.17)
K l k,

In the case of highly soluble gases, the controlling phase resistances are of the gas and 

the membrane giving:

Table 2.1 Henry’s coefficients for various compounds.

Compound Henry’s constant

H2S 2.46

S02 2.92x103

NH3 1.44x105

0 2 3.17

It can be seen from Table 2.1 that the compounds with the lowest Henry’s constant are

0 2 and H2S. According to the mass transfer theory above, for compounds with low 

solubility in water such as 0 2 and H2S, the rate of mass transfer should be controlled 

only by the resistance in the liquid phase. This is true for gases such as 0 2 but for H2S 

the situation differs. Even though H2S is a sparingly soluble gas, it reacts in the liquid 

phase to form HS' and S2', hence the liquid resistance becomes negligible and the 

overall rate is controlled by the resistance through the gas phase and the membrane. In 

contrast, NH3 and S02 appear to have much higher solubility compared to that of H2S 

but are still less reactive and hence, the overall rate of transfer could be controlled by 

the liquid phase resistance.

18
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2.3.3 Liquid-filled membrane pore (wetted mode)

In the wetted mode (Figure 2.4), the pores of the membrane are liquid-filled and a 

hydrophilic membrane is used. The gas pressure is maintained higher than that of the 

liquid to prevent any dispersion of the liquid as droplets into the gas phase. In contrast 

with the gas-filled pores, the gas-liquid interface forms at the pore mouth of the 

hydrophilic membrane on the gas side.

The process of gas absorption in the case of liquid-filled pore can be described in terms 

of the overall mass transfer coefficient and the individual mass transfer coefficients. The 

type of the membrane should not be of significant importance as long as the membrane 

pores are wetted. For liquid-filled membrane pore, the equations describing the overall 

resistance to mass transfer in both gas and liquid phase are similar to those obtained for 

the gas-filled pore (Table 2.2).

P gas ^ P liq u id

cp

membrane gas-liquid

interface
liquid

Figure 2.4 Membrane contactor in wetted mode of operation (Sirkar, 1992).

Table 2.2 summarises the expressions of the mass transfer coefficients for the different 

technologies (conventional equipment, membrane contactor) in the case of both 

physical and reactive gas absorption.
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2.3.4 Membrane resistance

For gas-filled pores in microporous membranes, the mass transfer coefficient of the 

membrane km can be calculated based on the regime of gas diffusion in the membrane

pore (Sirkar, 1992). When the ratio of the membrane pore radius rp to the mean free

path of the gas X ,r  IX  is much smaller than 1, Knudsen flow regime exists and the

mass transfer coefficient for the membrane phase is expressed as:

where em is the membrane porosity, / is the thickness of the membrane and rm is the

tortuosity of the pores in the membrane. Considering that the membrane pores are 

relatively large resulting in much higher ratio than unity, hence the Knudsen diffusion 

term could be neglected (Li et a l, 2000; Kreulen et a l, 1993).

In cases that the membrane pores are wetted by the absorbent liquid the membrane 

coefficient is expressed as:

where Dt is the diffusion coefficient of the contaminant in the liquid phase.

Except for the theoretical evaluation of the membrane resistance, several researchers 

tried to evaluate the resistance due to membrane based on experimental studies (Prasad 

and Sirkar, 1988). According to Prasad and Sirkar, (1988) the membrane resistance was

determined using a plot of -^—versus —known as Wilson plot. Apart from the
K 0 v

determination of the membrane coefficient, the effect of the fluid velocities on the 

individual mass transfer was further examined.

(2.19)

(2.20)
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Published reports on the evaluation of the membrane resistance applying both 

experimental and theoretical techniques showed much higher theoretical values than the 

ones based on experimental studies (Li et al. 1998; Kreulen et al., 1993).

Li et al., (1994) explained the difference between the theoretical and the experimentally 

determined values in a non-wetted membrane as possible result of partial wetting of the 

membrane pores as well as the possibility that the membrane substrates contribute 

significant resistance. Table 2.3 summarises experimentally determined and theoretical 

values of membrane coefficients using various membrane materials found in literature.

Table 2.3 Summary of membrane coefficients reported in literature

Type of membrane material ^ffjxlO-3 (m/s) Reference

Symmetric polypropylene 
(microporous)

7.3 (Experimentally 
determined value) (Qi and Cussler, 1985b)

Symmetric polypropylene 
(microporous) 19.0 (Theoretical value) (Kreulen et al., 1992)

Asymmetric polysulfone 
(microporous)

12.5-25.0 
(Experimentally 

determined values)
(Li et al., 1998)

Asymmetric polyethersulfone 
(dense)

0.5 (Experimentally 
determined value) (Li et al., 1998)

2.3.5 Generic expression of mass transfer coefficients

A simple mass transfer equation can be generated in order to provide a clearer 

comparison of the absorption process with different systems. The general equation 

describing all the various cases for both conventional and membrane technologies could 

be of the form:

—  =  —  +  —  +  —  (2 .21)
K  kg k, km

Where a, b, c relate to the Henry’s law constant and the Enhancement factor (Table 

2.4). In conventional equipment, the value of c is always zero. In membrane contactors
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considering the two modes of operation available for mass transfer the value of c could 

be written in the following way:

1. Gas-filled membrane pore: c=a

2. Liquid-filled membrane pore: c=b

Table 2.4 Generic equation constants describing the mass transfer process.

Overall mass transfer 
coefficient

Gas side — 
K g

Liquid side
1

K l
1

K a b a b

Mass Transfer i i -
H

H 1

Mass Transfer + Membranes i l
H

H 1

Sparingly soluble gases (H 1) 0 —  
H

0 1

Highly soluble gases (H T) 1 0 H 0

Mass Transfer + Membranes
1 1

EH
H

1
+ Reaction E

2.3.6 Design consideration for odour abatement systems using mass transfer 

theory

A good way of comparing absorption processes is in terms of the height of transfer unit 

(HTU), also referred as length of transfer unit (LTU). In order to achieve the desired 

extent to mass transfer, of great importance is the determination of the reactor length. 

The well-known equation for traditional multi-stage contacting devices is give by the 

following equation:

L = HTU x NTU  (2.22)

In literature LTU  is sometimes used instead of HTU  since in membrane systems the 

membrane contactor is not always oriented vertically. The number of transfer units
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(NTU) is defined in terms of the fluid flow rates, equilibrium solute distribution, inlet 

concentrations and outlet concentrations. An expression for the length (L) can be 

obtained by performing a differential solute balance, and then integrating over the 

length of the reactor.

The overall mass balance over the module length is given by the equation as follows:

After substitution of equation (2.25) into equation (2.24) and integrating, equation 

(2.24) becomes,

(2.23)

In the gas phase, a differential mass balance at any axial location is given by:

(2.24)

But

(2.25)

(2.26)

since,

(2.27)

hence,
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Qs
RTnT0Nkg

log
(  * A

P  g i n  P

*

^  P  g o u t  P  j

=  - L

Qg
RTnT0Nkg

log
f  ^

P g o u t  ~ P

\ P  g i n  P  J

= L

(2.28)

(2.29)

(2.30)

where:

 ^ ------= HTU  (2.31)
RT7iT0Nkg

and

log
f  *

P g o u t  - P

\ P g i n ~  P *  J

= NTU  (2.32)

Several research groups have studied the mass transfer performance of conventional 

equipment and compared to that of the membrane contactors. Qi and Cussler, (1985), 

stated that HTU  in conventional technologies all tend towards the same value. 

Generally, the mass transfer coefficient increases with increasing flow rate whereas the 

interfacial area decreases with decreasing flow rate; as a result the HTU  remains about 

the same over a wide range of gas velocities (Gabelman and Hwang, 1999). In contrast, 

in membrane contactors a drop in the mass transfer coefficients is observed at relatively 

low flow rates resulting in very low values of HTU  due to the unchanged interfacial area 

with changing the operating conditions.
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2.4 Treatment options

A number of factors should be considered when selecting a particular technology or a 

combination of technologies, these are: site characteristics including operation and 

maintenance capabilities, treatment objectives, foul air flow rates, contaminant loading 

patterns, the characteristics and strength of odorous air (Burgess et al., 2001).

2.4.1 Chemical absorption processes

Chemical absorption processes rely on the sorption of odorous compounds from the 

polluted gas stream into a liquid stream, where they are either removed directly by 

wasting of the liquid or are oxidised by the use of chemicals. The most commonly used 

type of chemical absorption processes is a chemical scrubber where the contaminated 

gas and the liquid scrubbing solution are intimately contacted. An alternative 

technology to chemical scrubbers is the membrane gas absorber which effectively 

decouples the gas and the liquid streams and allows higher levels of odour control.

2.4.1.1 Chemical scrubbers

The main body of a chemical scrubber consists of an absorption unit (packed tower or 

mist system) through which both the gas and the liquid are contacted. In this type of 

reactor, the odorous compounds are initially absorbed into the scrubbing liquid where 

they are either removed by wasting or converted to non-odorous products using 

oxidising agents, enhancing the process of absorption and hence the removal rates 

(Card, 2001).

The application of chemical scrubbers is favoured when highly soluble compounds at 

relatively strong concentrations are used. Scrubbers are more suitable for inorganic 

odorants such as ammonia and hydrogen sulphide, that their solubility is enhanced by 

pH adjustment rather than organic odorants where strong oxidising agents and high 

residence times are normally required.
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2.4.1.1.1 Design criteria

Chemical scrubbers have been widely applied at wastewater treatment plants to control 

odours. Due to their flexibility, they can be configured and efficiently remove odorous 

components at wastewater treatment facilities. Table 2.5 lists the design criteria for 

chemical scrubbers.

Table 2.5 Design criteria for chemical scrubbers (Bowker and Blades, 2001).

Parameter Value

Empty bed gas velocity 1.5-2.5 m/s

Packing depth 1.8-3.0 m

Scrubbant recirculation rate 2-3 L/s/m3/s air

Make-up water flow 0.01-0 L/s/m3/s air

Head loss through reactor 35-75 mm H2O

Use of chemicals

The selection of appropriate chemicals depends on the target odour to be removed. For 

the removal of H2S alkaline scrubbers are commonly applied while acid scrubbers are 

recommended for NH3 removal. The most common chemicals that are in use in NH3 

and H2S scrubbing are NaOH and H2SO4. NaOH scrubbers applied for the removal of 

H2S can be efficient at relatively high concentrations (> 25 ppmv) (Card, 2001). In 

contrast H2SO4 scrubbers are beneficial for relatively low NH3 concentrations (5-50 

ppmv) (Card, 2001).

Reactor configurations

Two types of scrubbers are commonly used: misting and packed tower scrubbers. These 

are fundamentally mass transfer units where odorous gas is contacted with a liquid 

scrubbing solution. The odorants in the gas phase pass through the gas/liquid film at the 

surface of the scrubbing solution. The contaminants will further react and be removed 

from the system by discharging the liquid solution from the scrubber (Hentz et al., 

2000). Packed towers operate in counter-current flow with the contaminant gas flowing 

upwards through the scrubber packing while the liquid scrubbing solution flows 

downwards. The schematic of a typical packed tower is shown in Figure 2.5.
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Figure 2.5 Typical packed tower scrubber configurations (reproduced after Gao et al., 2001).

Mist systems utilise a fine mist to create the required surface area for mass transfer 

(Vaith et al., 1996). Such scrubbers operate in co-current flow as a result of the small 

droplet size being used.

Packed towers operate much easier than mist scrubbers and can be applied effectively 

for H2S removal but could be less efficient when less soluble odorants are used. Even 

though mist scrubbers face difficulties in operation, they tend to be more efficient in the 

presence of sparingly soluble compounds such as VOCs (Card, 1990).

Control

The performance of a chemical scrubber can be affected by the amount of chemical 

dosing. For this reason, in most scrubbers closed-loop control systems are employed 

with pH sensor that controls the dosing of H2SO4 or NaOH, and the dosing of the 

oxidant being controlled by the redox potential. Wasting of the scrubber liquid could 

prevent saturation with oxidation products and reduced system performance. Various 

research groups have carried out studies on chemical scrubbers and recommended that 

continuous wasting of the scrubbing liquid at a rate determined by solution chemistry 

could result in good scrubber performance (Card, 2001, Vaith et al., 1996, Bowker and 

Blades, 2001). An alternative way is to waste intermittently based on the conductivity of
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the scrubbant. This is claimed to maintain optimum performance whilst avoiding waste 

of chemicals when odour loads are low (Drust and Deacon, 1995). According to Card, 

(2001) softening of makeup water is beneficial for scaling prevention. Chemical odour 

scrubbing has been employed in many wastewater and solid treatment facilities. 

Chemical scrubbers are usually applied to relatively large air volumes and high odorant 

concentrations. High odorant concentrations will enhance mass transfer, and their 

relatively short residence times characterises them as low footprint units. For complex 

odour streams, packed towers can be sequenced with different chemical compositions 

for more comprehensive odour removal. For a better control of complex odorous 

compounds multiple stages are used. Of major importance in the design of chemical 

scrubbing systems is the characterisation of the odorants involved. An example 

application of the technology is the scrubbing of H2S with NH3. Significant amounts of 

ammonia (up to 100 ppmv) are normally removed using an acid scrubber stage. Such 

reactor configuration would be cost effective with the second stage to work more 

effectively once ammonia has been removed. Another application of chemical scrubbers 

for odour abatement is the removal of H2S with organic reduced sulphur compounds. 

The presence of significant amounts of organic reduced sulphur (>100 ppmv) should 

require a first stage with lower pH (7 to 8) with hypochlorite only, resulting in 

dramatically increased removal of organic reduced sulphur compounds.

2.4.1.1.2 Operation and maintenance

Even though chemical scrubbers are complex systems, their operation can be simplified 

by using automated dosing and wasting. Hentz et al., (1992) studied the performance of 

chemical scrubbing systems and stated that without automated dosing the operation of 

scrubbers is very difficult resulting in poor performance. With automation, the highest 

maintenance requirements, pH calibration and associated dosing systems are likely to be 

checked. Some of the most common problems involved when operating a chemical 

scrubber are present here. Although packed towers have been successful and efficient in 

the removal of a number of odorous compounds they face problems such as: high 

pressure drop through the system which requires high energy consumption to be 

overcome, decreased removal efficiency when the system operates in co-current flow, 

recirculation system is required for efficient use of scrubbing solutions, emission of
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chlorinated organics is possible from the scrubber solution through stack, scaling from 

packing which is removed using frequent acid washing. However, the mist scrubber’s 

ability to provide effective removal of odorous compounds for both counter-current and 

co-current gas/liquid flow with a low pressure drop through the system makes the mist 

scrubber a viable alternative for installations where back-pressure limitations exist. 

Additional problems associated with the performance of a mist scrubber are: 1) 

requirement for large quantity of high quality water with atomization nozzles and 2 ) 

requirement for large quantities of wasted scrubbant for disposal. For more efficient 

nozzle performance, booster pumps for water supply are often required. Of major 

importance in the operation of the technology is the size of the reaction vessels in order 

to ensure adequate detention time. The efficiency of such system is dependent on the 

nozzle performance. Nozzle maintenance requirements are relatively high. Apart from 

the problems mentioned above mist scrubbers also face potential problems with carry

over of the scrubbant solution into subsequent stages. Besides the technology has been 

applied successfully in many wastewater treatment plants for odour abatement, there is 

limited availability of knowledge on super fine mist technology.

2.4.1.1.3 Performance

Several research groups have carried out studies on the performance of chemical 

scrubbers (Card, 2001, Ostojic and O’Brien, 1994). NaOH/NaOCl scrubbers are 

recognised for the good performance in removing H2S and reduced sulphur compounds 

and with the addition of an acid in removing NH3 and amines (Card, 2001). Although 

chemical scrubbers have been efficient in removing H2S and NH3, removal of alcohols, 

aldehydes, ketones and terpenes is relatively poor and such compounds can make up a 

significant proportion of odorants remaining in scrubber exhausts (Hentz et al., 1992, 

Kastner and Das, 2002).

For the majority of chemical scrubbing systems the most economical sizing point occurs 

at a superficial velocity of approximately 1.5 m/s and gas to liquid ratio of 400. The 

maximum gas velocity that is normally allowed in odour control scrubbers is about 3 

m/s but often systems operate well at gas velocities between 1 and 2  m/s.
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Published reports have shown that packed tower systems of 1 m of packing per 0.5 

m3/s gas flow rate provide up to 99% removal of H2S. The optimum liquid circulation 

rate in a chemical scrubber is around 170 L/min liquid per 1 m3/s gas rate. The 

minimum circulation rate present in a chemical scrubber should be 85 L/min liquid per 

1 m3/s gas rate. A range of packing materials have been used in wastewater odour 

control systems the most common being Lan-Pack, Jaeger Tri-Packs and Ceilcote 

Tellerettes. All the above materials have been adequate in the removal of odorous 

compounds emitted from wastewater treatment plants.

Except for these materials, a new ultra-low headloss packing called Q-Pac is applied 

that reduces 75% of the tower headloss. Structural packing is considered as the highest 

performance packing available but its use is limited because of its high cost and only 

used in areas of severe space constraints. Another issue of importance in the design of a 

chemical scrubber is the construction of the tower. The amount of inlet gas should be at 

velocities that do not exceed 7.6 m/s, having 5 m/s as the design goal.

2.4.1.1.4 Costing

Due to the complexity of their operation, chemical scrubbers can have high capital costs 

reflecting the degree of automation and the corrosive nature of the chemicals employed 

(Card, 2001). In some cases, operating costs are high and are proportional to the treated 

odour load. According to Card, (2001) the estimated cost for a packed tower is around 

$2 - $8  per kg sulphide removed. A Net Present Value analysis performed by Gao et al., 

2001 showed that for a NaOH / NaOCl scrubber treating an average concentration of 10 

ppmv H2S at a flow rate of 297 m3/min based on a 20 year asset life and a discount rate 

of 6 %, the cost breakdown is illustrated in Figure 2.6.

2.4.1.1.5 Case studies

Pilot-scale tests on a two-stage chemical scrubber for sludge odours showed relatively 

low H2S concentrations but significant amounts of other components such as ammonia, 

methyl mercaptan, dimethyl sulphide, dimethyl disulphide (Sereno et al., 1993). 

Various oxidants were tested in acidic and alkaline conditions. The impact of the pH on 

the removal efficiency of the system found to be insignificant but related to oxidant
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concentration. Odour removal efficiencies up to 97% were obtained. Analysis of VOC 

removal was further carried out and found to be very poor.

D  Initial investment 

Q Chemical usage
□  Maintenance
□  Power usage

Figure 2.6 Net Present Value analysis of a NaOH / NaOCl scrubber (Gao et al., 2001)

Hentz et al., 1992 carried out studies on the operation of a three stage scrubber to treat 

odours generated at a sludge composting facility. Dimethyl disulphide was identified as 

the major odorant. The best configuration was found to be H2SO4 for NH3 removal in 

the first stage, NaOCl at pH 6.5 in the second stage and H2O2 for removal of chlorine 

residual in the third stage.

Vaith et al., (1996) carried out studies on the performance of two sewage treatment 

works in Florida. The first system was a two stage packed tower, with the first stage 

being caustic and the second stage being caustic and chlorine. High concentrations of 

H2S were treated removing up to 99% H2S. The second system was a two stage mist 

scrubber operating as NaOH/NaOCl scrubbers. In this system removal efficiencies 

above 99% were obtained. The systems performance was improved by regular cleaning 

of the nozzles in order to reduce clogging.

Reports on the operation of chemical scrubber systems showed much better 

performance when H2S or NH3 were treated. Overloading was observed on several units 

resulting in the formation of elemental sulphur and fouling problems. In some cases 

complete oxidation of sulphide to sulphate was carried out using large recirculation 

pumps and maintaining the liquid pH to a value between 9-9.5.
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2.4.1.2 Membrane gas absorbers

Membrane contactors are devices that achieve transfer of mass between gas/liquid or 

liquid/liquid phase without any dispersion of one phase within another (Gabelman and 

Hwang, 1999). This is achieved by passage of the two fluids on opposite sides of the 

membrane.

Membrane contactors offer several advantages when compared with conventional 

processes such as: absence of emulsions, prevention of flooding at very high flows and 

unloading at low flows, no requirement of density difference between fluids and finally 

high transfer area (Kreulen et a l, 1993).

There are cases such as in packed towers that the interfacial area per unit volume is 

known but still the surface area that is actually available for mass transfer cannot be 

identified. A number of membrane configurations are available for mass transfer 

operations including flat sheet, spiral wound, rotating annular and hollow fibre. From all 

the different types of membranes hollow fibre modules have gained extra attention. 

Although the application of membrane gas absorption as abatement technology is 

limited in laboratory/pilot scale application it is a promising alternative to conventional 

equipment (packed towers, mist systems) for the future (Figure 2.7).

Fluid 2 Fluid 2

Fluid 1Fluid 1

Figure 2.7 A parallel flow hollow fibre membrane module (Gabelman and Hwang, 1999)
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2.4.1.2.1 Design criteria

In membrane contactors, the area available for mass transfer is known and remains 

constant under all operating conditions. This results to more effective system 

performance as better predictions are likely to be achieved. Published reports have 

shown that membrane contactors offer over 30 times higher specific surface area than 

that of the conventional equipment and around 500 times the area achievable in 

liquid/liquid extraction columns leading to low height of transfer units (HTZJ) 

(Gabelman and Hwang, 1999).

2.4.1.2.2 Operation and maintenance

Membrane systems are characterised as systems with high controllability and greater 

operational flexibility when compared to chemical scrubbers. The operation 

requirements of this technology are potentially high, and are expected to be similar to 

those of chemical scrubbers. Maintenance requirements of membrane systems are 

expected to be similar to those of chemical scrubbers or possibly higher due to potential 

membrane fouling.

2.4.1.2.3 Performance

Membrane gas absorbers have been recognized for the good performance in removing 

odorants such as H2S and other sulphurous compounds, NH3 and other nitrous odorants 

at relatively low pH values. Although the technology has been successful in removing 

sulphurous and nitrous odorants, its performance in the removal of VOCs has been very 

poor due to mass transfer limitations. Comparison with the performance of chemical 

scrubbers showed that membrane contactors used for VOC removal may be worse than 

chemical scrubbers due to the extra mass transfer resistance that is introduced into the 

system from the membrane. Generally, membrane contactors have showed reasonable 

performance in removing odour, depending on odour composition. Often residual 

odours can be problematic.
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2.4.1.2.4 Costs

Although membrane gas absorbers are a developing technology that has been used as an 

alternative to the conventional equipment, membrane modules have finite life and the 

cost of replacement needs to be considered. They are characterised as high complex 

systems with additional membrane costs. Jefferson et al., (2002) carried out an 

economic assessment of a membrane gas absorption system based on comparison with a 

biofiltration unit and resulted in the calculation of a cost factor that would bring about 

economic parity with the existing option. The total capital cost of the membrane gas 

absorber was then evaluated as the product of the membrane area and the cost factor. It 

has been reported that actual hollow fibre membrane costs can vary but normally remain 

within the range between £30-50 / m2 based on UK location in 2001 (Jeffereson et al., 

2002). According to the authors Lang factors for membrane plants of this type have 

been reported in the range between 1.66 and 2. Combining the two ranges a cost factor 

in the range between 50 and 100 is generated. For the membrane option to be 

economically favourable cost factors below this level should be obtained. It has been 

stated that for an average membrane price (£40/m) economic parity occurs at a gas 

flow rate of 1630 m /h. The economic comparison between the membrane gas absorber 

and a biofilter is controlled by the gas flow rate due to the difference in the economy of 

scales of the two technologies. Membrane systems are modular and hence exhibit an 

economy of scale exponent equal to 1, generating a linear cost with flow rate function. 

A more classical exponent of 0.66 is present by the biofilter which reflects the ratio of 

area to volume increase.

2.4.1.2.5 Case studies

Several research groups have studied the absorption of waste gases for odour removal 

using hollow fibre membranes. Karoor and Sirkar, (1993) carried out studies on the 

absorption of CO2 and SO2 either being pure or from their mixtures in air. A parallel 

flow module employing microporous polypropylene fibres, in most cases with the water 

flowing on the tube side was used. Mass transfer coefficients obtained with CO2 

absorption found to be 5 times higher to those obtained for conventional packed towers 

while in the absorption of SO2 values of 10 times higher than those of packed towers
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were observed. According to the authors, resistance was higher in the wetted mode than 

that of the non-wetted mode when SO2 was involved in the system.

In contrast, Yang and Cussler, (1986) showed a shift in the controlling resistance that 

was attributable to a chemical reaction. This was observed in the case that oxygen 

flowing on the shell side of the microporous polypropylene hollow fibre membrane was 

absorbed into water in the tube side while operating in the dry mode and hence 

controlling the aqueous phase resistance as expected. Absorption of CO2 into dilute 

NaOH in the presence of a chemical reaction resulted in reduction of the tube side mass 

transfer resistance to a point that could no longer be controlled.

Jansen et al., (1994) used microporous hydrophobic hollow fibre modules to absorb SO2 

from 1) a model gas of SO2 in nitrogen and 2 ) a real flue gas from coal-fired boiler; in 

both cases the reactive absorbent was Na2SC>3. In both cases removal efficiencies up to 

99% were achieved. In the case that real flue gas was used, the system’s recovery was 

maintained for a period of 500h without any problems associated with dust, particles, 

condensation, or other flue gas components. Hydrophobic PTFE membranes have been 

applied in blood oxygenation where blood flows on one side of the module and air or 

pure oxygen on the other side of the membrane (Esato and Eiseman, 1975).

Yang and Cussler, (1986) have been investigated the use of a microporous 

polypropylene membrane as an artificial gill. In their study, water was passing through 

the fibre lumens while gas was flowing in a closed loop between a breathing chamber 

and the membrane modules. Oxygen was transferred from the water while CO2 was 

stripped from the gas enabling animals to breath. This technique has been also 

demonstrated on rats, dogs and humans. Sirkar, (1992) reported the use of membrane 

gas absorbers for the carbonation/nitrogenation of beverages either as soft drinks or 

beer. In such application the membrane system is used to replace CO2 with N2 to 

produce a more stable and creamer foam to the beer upon dispensing.

2.4.2 Biological absorption processes

Biological processes consist of three main configurations: biofilters, media-based 

biofilters and bioscrubbers. The schematic of the biological processes available for 

odour treatment is illustrated in Figure 2.8.
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Figure 2.8 Schematic of existing biological processes (biofilter, media-based biofilter and 

bioscrubber) (Reproduced after Edwards and Nirmalakhandan 1996).

Biofilters and media-based biofilters are packed bed units through which the 

contaminated air is blown. The inert packing acts as a support for microbial biofilms 

where degradation reactions occur. The moisture content of the biofilters and media- 

based biofilters is a controlling operating parameter since the bacteria obtain all of their 

nutrients from the liquid phase. Addition of moisture to biofilters is intermittent and 

drainage is negligible. In contrast, addition of continuous moisture is observed in 

media-based biofilters. In such technologies, sorption and biodegradation occur in the 

media bed.

Biofilters are employed with media including peat, heather, soil, compost, and sand 

(Burgess et al., 2001). The media of a media-based biofilter can be ceramic, plastic, 

activated carbon, celite or mixtures of materials (Burgess et al., 2001). The operation of 

bioscrubbers is slightly different from that of biofilters and media-based biofilters. 

Bioscrubbers are two stage systems in which the contaminant passes through the 

scrubbing tower along with the scrubbing liquid where absorption occurs. The absorbed 

gases are then biologically oxidised in a separate unit.

The degree of effectiveness of biological technologies depends on two parameters: the 

solubility and the biodegradability of the treated components. Biological processes are 

best operating when highly soluble and readily biodegradable compounds are involved. 

Published reports showed that sparingly soluble compounds could also be treated in 

biofilters and media-based biofilters due to the large surface area available for
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interchange of components (Wani et al., 1997). In cases that slow biodegradable 

compounds are present long residence times are required.

2.4.2.1 Biofilters and media-based biofilters

Biofilters are characterised as a well established and cost effective technology. They 

were initially developed in the 1960s and used as open systems using soil-based media 

(Van Lith et al., 1997). Recently efforts have been made to improve the media used in 

biofilters resulting in the development of enclosed systems allowing better control and 

monitoring (Van Lith et al., 1997). The schematic of an open and enclosed biofiltration 

unit is illustrated in Figure 2.9.

Open biofilter system
C o m p o st filter b ed  
(approx. 1 m d e e p )

Hum idifier

G ravelG round

Closed biofilter system >  E xh au st air

W ater sprinkler 
to  m o isten  airAT7\ A A A

C o m p o st filter b ed

Perforated
support
plate

Foul air

Drain

Figure 2.9 Schematic of open and enclosed biofiltration units (Reproduced after Williams and 
Miller, 1992).
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Published reports have shown that although biofilters can be effective and reduce 

odours up to 99% they require large surface areas. A surface area of 3500 m was 

required for the installation of soil beds in sewage treatment works in New Zealand 

(Laginestra et al, 2001). Hydrogen sulphide and volatile organic compounds are often 

the most common components present in waste air streams. Such compounds are 

difficult to be treated by biofiltration as the sulphide oxidation produces acids which 

reduce the pH in the biofilter (Devinny et al., 2000)

Media-based biofilters represent a technology in which the reaction products are washed 

out of the media avoiding acidification. So far media-based biofilters have been 

effective in treating odorous gases. The negative aspect of the technology is the transfer 

of odorous compounds from the gas phase into the liquid phase (Kennes and Thalasso, 

1998).The active area of a filter is normally less than 50% of the total specific area 

(Green and Maloney, 1984). In such systems mass transfer could be enhanced by 

increasing the liquid flow rate. Thalasso et al., (1996) stated that decreasing the liquid 

flow rate to the minimum required for the microorganisms to grow, it could result in a 

more efficient treatment and accumulate any excess biomass present in the media bed.

2.4.2.1.1 Design criteria 

The design of biofilters and media-based biofilters is strongly dependent on four 

different parameters. These are listed in Table 2.6. Air fluxes in biofilters are in the 

range between 30 m3/m2h for sparingly soluble organics and 300 m3/m2h for highly 

soluble and biodegradable inorganics such as H2S (Schroeder, 2002). Empty bed 

residence times are variable and are usually in the range between 15 and 60 seconds for 

modem biofilters (Adler, 2001). According to Lau et al., (1996), the loading rate of a
3 2biofilter varies and is media specific and a typical range is between 80 and 120  m /m h 

although lower rates can be used (40-80 m /m h). The elimination capacity of a biofilter 

depends on the contaminant loading rate. The maximum elimination capacity of 

biofilters and media-based biofilters is application specific depending on the type of the 

contaminants treated and the characteristics of the media.
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Table 2.6 Loading parameters for biofilters and media-based biofilters. Qg = gas flow rate, A = 

filter plan surface area, V = filter media volume, C,* = inlet odorant concentration, C0 
= outlet odorant concentration.

Parameter Definition

Air flux or superficial velocity V
/ A

Empty bed residence time
rA

Contaminant loading rate

V
Contaminant elimination capacity Qs(c>-cJ

V

Media

Of great importance to the operation of a biofilter is the use of media. Media acts as a 

humidity reservoir, provides adsorptive capacity for contaminants and mechanical 

support for the internal structure of the biofilter (Wani et al., 1997). The main 

characteristics of good biofilter media are: 1) low bulk density, 2 ) high water retention 

capacity without saturation, 3) structural integrity, 4) capacity to buffer acidification and 

5) ability to buffer high contaminant concentrations. Various types of media have been 

used in biofilters and media-based biofilters some of them are mentioned in Tables 2.7 

and 2.8. Improvements of the media over time have been made by adding inert materials 

such as polystyrene spheres, perlite in order to maintain the bed structure and retard 

ageing (Wani et al., 1997). The advantages and the disadvantages of various media used 

in biofilters are presented in Table 2.7. Biofilter media range between 0.5 to 2.5 m, with 

lm  being the most common.

Since media-based biofilters are characterised as continuously irrigated systems they 

employ a more porous well draining media. The media of this type are normally random 

dumps, structured plastic packing or synthetic foam cubes (Cox and Deshusses, 2001). 

The advantages and the disadvantages of some of these media are listed in Table 2.8.

40



A review o f  absorption processes fo r  odour treatment

Table 2.7 Advantages and disadvantages of various biofilter media (Edwards and 

Nirmalakhandan, 1996).

Media Advantages Disadvantages

Soil Established technology Prone to channelling and poor
Suitable for odour control or low distribution
continuous concentrations Limited buffer capacity
Low cost Low adsorption capacity 

Low biodegradation capacity 
Limited supply of nutrients

Peat/Compost Commercial technology Prone to channelling and poor
Suitable for low continuous distribution
concentrations Limited buffer capacity
Low cost Low biodegradation capacity 

Limited supply of nutrients

Pelletized High adsorption capacity High cost
activated Good biomass adhesion Difficult to clean due to good
carbon packed 
bed

Fast start-up adhesion

Can handle high continuous 
concentrations
High biodegradation capacity

Pelletized Easy to clean More expensive than soil and
ceramic Fast start-up

Less expensive than activated 
carbon
High biodegradation capacity

peat/compost

Ceramic Can handle high continuous Slow start up
monoliths, concentrations Weak biomass adsorption
straight Larger channel sizes extend filter Low adsorption capacity
passages life

Low pressure drop
High surface area per unit volume
High biodegradation capacity

High media cost

Activated Combined advantages of High media cost
carbon coated, activated carbon and ceramic
straight straight passage monoliths
passages High biodegradation capacity
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Table 2.8 Advantages and disadvantages of media-based biofilter media (Cox and Deshusses, 

2001).

Media Advantages Disadvantages

Lava rocks Large specific surface area Heavy
Porous surface for biofilm 
attachment

May not be inert at low pH

Random dump Easy to handle Low specific surface area
Light weight Start-up may be slow due to poor
Stable 
Low cost 
High porosity

biofilm attachment

Structured Large specific surface area Expensive
packings High porosity

Polyurethane Open structure
cubes High porosity

Low pressure loss
High specific surface area

Moisture content

Moisture content is an important factor in biofilters as irrigation is intermittent. Usually, 

irrigation rates between 20 and 30 L/m h are observed. In contrast, media-based 

biofilters are characterised by continuous irrigation, hence moisture content is not of 

major importance. According to Cox and Deshusses, (2001) irrigation rates of 50 to 

20000 L/m2h are observed. Variations in the moisture content can affect the system’s 

performance, especially in cases that very low contaminant concentrations are involved 

and are mass transfer limited (Adler, 2001). Optimum moisture contents are usually in 

the range between 40 % for less poorly drained media and 60 % for high permeability 

media respectively (Van Lith et al., 1997). The effects resulting from very low or very 

high moisture content in a biofilter are listed in Table 2.9.

PH and nutrient supply

PH is an important parameter in biofiltration units as the majority of the 

microorganisms have an optimum pH range. The pH range depends on the compounds 

to be treated in the system. For instance where H2S is used as the primary compound to 

be treated the optimum pH is in the range between 2 and 3 (Morton and Caballero,
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1996). Often, the use of inorganic nutrients is necessary in excess of those provided in 

the gas stream. Such nutrients are usually provided by media such as peat, compost or 

soil. There are also cases where the media are synthetic and hence, addition of nutrients 

is required (Wani et al., 1997).

Table 2.9 Effects of moisture content on biofilter performance (Lau et al., 1996, Wani et al., 
1997, Van Lith et al., 1997).

Low moisture content High moisture content

Dessication of media 
Reduced biological activity 
Reduced absorption of contaminants 
Volatilisation of adsorbed contaminants 
Compaction of bed
Difficulties in re-wetting natural media 
Reduced efficiency

Damage to media through wash-out of 
small particles
Reduced oxygen transfer
Reduced mass transfer of hydrophobic 
compounds
Development of anaerobic zones and 
creation of odours
Increased headloss
Reduced specific surface area
Reduced efficiency

Reactor configurations

Although open biofilters offer much lower capital cost and easier access to media 

inspection and replacement, closed biofilters are most commonly used. According to 

Adler, (2001) enclosed biofilters have been advantageous over open systems in terms 

of:

• Better insulation and control of media temperature

• Improved moisture control

• Elimination of plant growth

• Potential use of stacked beds where there is limited space

Enclosed biofiltration systems are divided into two categories, 1) upflow which have 

been advantageous where acid products are developed and 2 ) downflow which appears 

to be advantageous in cases that acid by products are not problematic resulting from 

good moisture control at the inlet. Both upflow and downflow configurations are in
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common use in media-based biofilters resulting from the fact that parameters such as 

moisture control and stratification are of minor importance (Schroeder, 2002).

2.4.2.1.2 Performance

The performance of biofilters and media-based biofilters is favoured where highly 

soluble and high biodegradable components are used. Hence, the performance of 

biofiltration units will depend on design and operating parameters such as the media 

type, moisture content, nutrient availability and pH. Several research groups have 

studied the performance of biofilters and media-based biofilters in both pilot and full 

scale. A study on pilot scale of peat-based biofilter for reduced sulphur compounds 

emanating from a night soil storage tank showed that the performance of the system was 

enhanced for all the compounds measured at low loadings, while at high loadings a 

reduction in the pH was observed resulting in a decrease in the removal efficiency of 

some of the compounds (Park et al., 1993).

Bench scale and full scale studies have indicated that biofilters enhance recovery at 

relatively low or no load. Bench scale tests on a compost-based biofilter showed good 

recovery after three month starvation period. Recovery of full removal efficiency was 

obtained much quicker (120 hours) than the initial acclimation period (10 weeks) (Wani 

et al., 1998).

2.4.2.1.3 Operation and maintenance

Biofilters and media-based biofilters are low maintenance processes. Wani et al., (1997) 

reported that the maintenance of biofiltration units is limited to operational parameters 

including moisture content, drainage pH, and pressure loss over the filter bed. Some of 

the typical problems resulting from the operation of biofilters are as follows (Wani et 

al., (1997):

• Changes in media characteristics

• Media dry-out

• Channel formation and short-circuiting

• Formation of anaerobic zones, generation and accumulation of acid metabolites
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Excessive biomass growth is one of the main causes of clogging in media-based 

biofilters. A good way of reducing clogging is by reducing the biomass yield through 

nutrient limitation, growth inhibitors, backwashing, stirring or chemical washing (Cox 

and Deshusses, 2001).

2.4.2.1.4 Costing

Biofiltration units are regarded as technologies with low capital and operating costs. 

The performance of a biofilter could be affected by a number of factors such as flow 

rate, odorant concentration, sorption and biodegradability properties of odorants, 

desired removal efficiencies, reactor design, media type, level of monitoring and 

control, and the material of construction (Adler, 2001).

According to Van Lith et al., (1997), operating costs consist of three parameters 

including energy, routine operation and maintenance, and media replacement. The first 

element relates to the transport of the odorants from the source to the filter and then 

through the filter bed. Pressure loss through the filter bed is a function of media, 

moisture content, face velocity and bed depth. For well designed filters, operation and 

maintenance are relatively low and limited to checking of operating parameters. Finally, 

replacement of the media is one of the main maintenance requirements for biofilters that 

in most units occurs between 2 and 7 years of operation. Parameters that influence the 

cost of the media are: bed volume, media lifetime and unit cost of the media.

2.4.2.1.5 Case studies

Several research groups have studied the performance of biofiltration units as bench, 

pilot and full scale systems. Heuer and Kaskens, (1993) studied the performance of a 

biofilter at a sewage treatment plant. The unit was subjected to low loadings and 

reduced H2S concentrations from 1.2 ppm to 4 ppb. Significant amounts of methyl 

mercaptan were also removed. The systems performance was further measured by 

olfactometry and higher outlet concentrations than those at the inlet were obtained. This 

was due to the low odour levels of H2S observed at the inlet of the biofilter and gives an
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indication that biofilters have a residual odour to their own and hence they do not 

achieve very low odour concentrations in the outlet.

The performance and the design of a peat and woodchip open biofilter for odour 

removal have been studied (Boyette and Bergstedt, 1998). High removal efficiencies 

were obtained for odorants such as H2S, methyl mercaptan and dimethyl sulphide. 

Granular lime was added to the filter media to act as a pH buffer. The pH was 

maintained within a range of 7.3 to 8.2 indicating the success of the buffering agent.

Gao et al., (2001) described the performance of a biofilter treating foul air from sludge 

holding tanks. The design of the filter was to treat 178 m3/min at average H2S 

concentration of 10 ppm and a peak of 50 ppm. The system treated H2S at high rates 

and peaks up to 200 ppm. The unit performed well with consistent H2S removal above 

95%.

Pilot scale studies on a media-based biofilter have been reported for odours emitted 

from a sewage treatment plant (Morton and Caballero, 1996). The main odorant used 

was H2S in concentrations in the range of 43 to 380 ppm. A porous rock media was 

employed by the filter and chlorinated secondary effluent was used as the recirculating 

water. A trial to use potable water resulted in reduced removal efficiency indicating that 

the effect of nutrients in the secondary effluent outweighed any negative effect caused 

by the residual chlorine. The system operated at residence times between 12 and 30 s 

and removal efficiencies up to 98% were obtained at maximum loading rates up to 33 

g/m3h.

Lutz, (1995) carried out studies on the performance of a novel full-scale media-based 

biofilter. Odour control was obtained by using an existing nitrifying filter treating H2S 

from roughing filters. Long retention times of 8 to 12 minutes were observed and a 

reduction in H2S concentration from 150 ppm to 5 ppm was obtained.

2.4.2.2 Bioscrubbers

Bioscrubbers are two stage systems in which contaminant absorption occurs in the first 

stage and biodegradation occurs in the second stage. The scrubbing liquid can be taken 

from the biodegradation stage. Bioscrubber application is limited to contaminants 

having high water solubility and relatively low vapour pressure. Bioscrubbing has been 

advantageous over media-based filtration. Bioscrubbers treat much higher loadings than
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biofilters and media-based biofilters, in the range between 3000-4000 m3/m2h (Hansen, 

1998). Smet and Van Langenhove, (1998) stated that there is an ease in controlling the 

technology since parameters such as the pH, temperature, nutrient balance and the 

removal of metabolic products can be altered in the water of the bioreactor. The liquid 

media could be sewage even though it could remove the operator’s control over the 

nutrition available in the liquid phase, resulting in a less popular bioscrubber when 

compared with the biofilters described above (Burgess et a l, 2001). The operating cost 

of bioscrubbers is relatively low compared to that of chemical scrubbers due to low 

usage of chemicals.

2.4.2.2.1 Design criteria

Resulting from the fact that bioscrubbers are two stage processes, mass transfer and 

biodegradability processes in a bioscrubber occur in different units simplifying the 

system’s operation (Hansen, 1998). Hansen, (1998) stated that the design of a 

bioscrubber is based on two parameters, the solubility of the contaminants and the 

degradation rate.

2.4.2.2.2 Operation and maintenance

Bioscrubbers are regarded as an opportunity for process control. Parameters such as pH, 

water level, salt concentration and nutrient availability can be controlled (Hansen, 

1998). Studies by Hansen and Rindel, (2000) showed that control of dissolved oxygen is 

not of major importance in the operation of a bioscrubber as there is sufficient oxygen 

transfer in the absorption column. Bioscrubbers are simple to operate allowing high 

degrees of automation and reliability (Hansen, 1998).

2.4.2.2.3 Case study

The performance of a full-scale bioscrubber treating 6000 m fh foul air from sewage 

treatment works with H2S as the primary constituent has been studied (Hansen and 

Rindel, 2000). The packed volume was 12 m3 giving a retention time of 7.2 s. The total 

volume of the bioreactor was 11 m3. H2S concentrations of up to 75 ppm were used and
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during operation of the system removal efficiencies up to 99% were obtained. Mass 

transfer was optimised by maintaining the scrubbing pH in the range between 8.5 and 9 

using NaOH dosing. NaOH was consumed in stoichiometric quantities of approximately

2.4 kg NaOH/kg H2S. Initiation of the bioscrubber was rapid and employed activated 

sludge from aeration tanks on site.

2.4.2.3 Activated sludge diffusion

Activated sludge diffusion is applied as an alternative to more established bioreactors 

for waste gas treatment, such as biofilters, media-based biofilters and bioscrubbers. The 

removal mechanisms of the odorous compounds present in activated sludge diffusion of 

waste gas include absorption, adsorption, or condensation, followed by biodegradation 

(Burgess et al., 2001; Bowker, 2000). The cases under investigation will be on the 

removal of contaminants using absorption processes. An activated sludge plant for 

instantaneous treatment of wastewater and odour is schematically presented in Figure 
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Figure 2.10 Schematic of activated sludge system for odour treatment (Adapted by Bowker and 
Burgess, 2001)

In activated sludge systems, microbial biomass is added to the wastewater in the 

aeration tank and air is supplied via diffusers. Enhanced aeration and mixing of the 

suspension is achieved, allowing maximum contact between the floes and the
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wastewater. Complete mixing ensures adequate food supply for the microbial cells and 

maximises the oxygen gradient to optimise mass transfer and disperse the products of 

metabolism from inside the floes. Wastewater entry displaces mixed liquor into a 

clarifier, where the flocculated biomass separates into sludge and clarified effluent. 

Vincent and Hobson, (1998), stated that activated sludge diffusion has been viable 

where: the air compressors or blowers and diffusion equipment are resistant to corrosion 

at the expected concentration of H2S, the concentration of odours or H2S is relatively 

low, and the activated sludge is fully aerobic with adequate dissolved oxygen and 

preferably nitrifying. Several research groups have reported results for the removal of 

odorous gases by diffusing a gas through a suspended microorganism culture (Burgess 

et al., 2001). Although activated sludge diffusion has been implemented in the USA, it 

is still not a well established technology elsewhere. Published reports have shown 

disagreement regarding the effect of odour diffusion on wastewater treatment. Henze et 

al., (1995) reported that all the sulphurous compounds are inhibitory to nitrification. 

/Esoy et al., (1998) showed that decreasing the pH below 7, nitrification declines. H2S 

removal has been affected by pH values in the range of 3.0-5.5, and less affected by 

higher pH values. The maximum removal has been observed at pH values around 4 (Li 

et al., 1998). Only limited information is available in literature for good process design 

and optimisation to gain the support necessary to achieve widespread use.

2.4.2.3.1 Design criteria 

Activated sludge diffusion systems have been used as an alternative technology to more 

established bioreactors for waste gas treatment such as biofilters, media-based biofilters 

and bioscrubbers. In this section only a brief review of the design criteria of an activated 

sludge diffusion system is reported.

Odorous air pre-treatment

Activated sludge diffusion systems should be consisted of an air pre-treatment system 

designed to remove free moisture and condensate that could be acidic, as well as 

particles consisting of dust and grease aerosols. Moisture removal is usually achieved 

by employing a mesh pad or chevron demister similar to that used in packed towers.
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Such systems result in removal efficiencies up to 99% of droplets greater than 50 

microns.

Blowers

Two types of blowers are commonly used for the diffusion of odorous air into activated 

sludge basins: centrifugal and rotary-lobe positive displacement blowers. Centrifugal 

blowers are the most recommended since positive displacement blowers have close 

tolerances between the lobes and the casing which appear to be more susceptible to 

clogging (Burgess et al., 2001).

Diffusers

Various types of diffusers have been employed in activated sludge diffusion of odorous 

air including coarse bubble and fine bubble diffusers. Fine bubble diffusers are most 

commonly used in sludge storage tanks where odorous compounds are strong and 

difficult to be treated. Of great importance in the design and operation of an activated 

sludge system is the depth of the diffuser. The greater the depth of the diffuser the 

greater the driving force available to drive the odorous gas into solution and the longer 

the residence time of the gas bubble. Typically, diffuser depth should be a minimum of 

3 m unless pilot testing indicates that a shallower depth should provide adequate odour 

treatment.

Corrosion protection

Corrosion can be a problem with odorous air emitted from activated sludge diffusion 

plants and extra protection of the equipment should be given. It has been reported that 

materials such as concrete and carbon steel suffer from corrosion when are exposed to 

H2S and sulphuric acid (Ryckman-Siegwarth and Princince, 1992). However, there are 

several materials suitable for the foul air delivery system including fibreglass, stainless 

steel, polyvinyl chloride, or high density polyethylene.

2.4.2.3.2 Performance

The performance of an activated sludge diffusion system is affected by a number of 

factors including the aeration tank characteristics, the nature of the contaminants to be
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degraded and the operating regime of the individual site. Of major importance on the 

performance of the technology is the depth of the aeration basin. It has been reported 

that for an activated sludge plant to perform well deep aeration tanks must be used to 

provide long residence time. In contrast, the use of a shallow tank would result in 

reduction of energy requirements. However, shallow aeration basins have been 

successfully employed to degrade BTEX compounds (Bielefeldt et .al., 1997). 

Treatment of BTEX was carried out in a bench-scale activated sludge system consisting 

of 2 L and liquid depth of 40 cm. The sludge ages used were 1.7, 2.7 and 9.2 days 

respectively. According to the workers removal efficiencies >99% were observed 

indicating that activated sludge diffusion is a technology that biodegrades BTEX 

compounds.

Another important parameter that impacts on the performance of an activated sludge 

diffusion plant is the bubble size. Studies that carried out in a wastewater treatment 

plant in Concord New Hampshire using activated sludge diffusion for H2S treatment 

showed that the technology removes H2S at very high levels. Two different types of 

diffusers were used including coarse bubbles and fine bubbles respectively. Coarse 

bubble diffusers placed at a depth of 3 m provided odour removal of 95% and 92% 

removal of H2S. Operating the system using fine bubble diffusers removal efficiencies 

>99.5% in odour and H2S were obtained. Published reports have shown that activated 

sludge plants can effectively degrade sulphurous compounds, aliphatic amines, toluene 

and low relative molecular mass compounds (Fukuyama et al., 1986).

2.4.2.3.3 Costing

Most of the activated sludge diffusion systems employed to treat odorous air involve the 

use of existing blowers and diffusers designed to provide process oxygen for biological 

oxidation. The costs of operation and maintenance associated with handling foul air are 

minimal and the storage and handling of any hazardous chemicals (sodium 

hypochlorite, sodium hydroxide) are eliminated by the diffusion process. Capital 

expenditures for using aeration systems for odour treatment are limited to the ductwork 

for odorous air conveyance (Burgess et al., 2001). The capital cost of the ductwork is a 

function of the distance between the odour source and the aeration blowers as well as 

the complexity of the run. Ductwork is costly and potentially more expensive than wet
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scrubbers located close to the odour source. Savings in chemicals, operation and 

maintenance as well as labour costs minimise the additional expenditures of ductwork 

of the plant. In such systems a cost effectiveness analysis should be conducted in order 

to weigh such parameters.

2.4.2.3.4 Case studies

Reports on the operation and the performance of activated sludge diffusion for odour 

treatment have been published. An example of waste gas treatment using activated 

sludge diffusion is the Hall Street wastewater treatment plant in Concord, New 

Hampshire which was designed to treat 39 m3/d of wastewater using primary 

clarification and the activated biofilter process. The activated biofilter process involves 

redwood media trickling filters followed by activated sludge basins, in such system 

using fine bubble diffusers, the concentration of the odorous air from the sludge holding 

tanks was reduced from 39,000 ou to 18 ou giving a removal efficiency >99.9%. The 

amount of H2S present in the outlet was 0.3 ppm.

Activated sludge diffusion as an abatement technology has also been used at least in 

eight other wastewater treatment plants operated in Los Angeles County. The size of all 

the plants was varied from 49 to 240 m /d. Activated sludge diffusion has been a cost 

effective process for odour control.

2.4.3 Overall picture of odour treatment options

The advantages and disadvantages of the odour treatment technologies are summarised 

in Table 2.10
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2.5 Process selection for odour abatement

In § 2.4 the various absorption processes available for odour abatement were reviewed. 

Unfortunately there is no single best treatment option and is usually site specific, 

depending on parameters such as odour loadings, variability of loadings, odour 

composition, operational and capital costs. The various parameters that should be 

considered when selecting a particular technology either being chemical or biological 

are illustrated in Tables 2.11 to 2.13 respectively.

Table 2.11 Design considerations for chemical scrubbers and membrane gas absorbers.

Chemical scrubbers Membrane gas absorbers

Development status In widespread use for sewage 
odours, large body of 
experience

Developmental, laboratory- 
scale investigations for odours

Performance

H2S & other S- 
odorants

Good, especially at high pH Expected to be similar to 
chemical scrubbers

NH3 & other N- 
odorants

Good, especially at low pH Expected to be similar to 
chemical scrubbers

VOCs Poor, mass transfer limitations May be worse than chemical 
scrubbers due to extra mass 
transfer resistance from 
membrane

Odour Reasonable, depending on 
odour composition. Residual 
odours can be problematic

Expected to be similar to 
chemical scrubbers

Application

Air flows High Expected to be similar to 
chemical scrubbers

Concentrations High, mass transfer enhanced 
at high concentrations

Expected to be similar to 
chemical scrubbers

Fluctuations High degree of flexibility 
allowing paced performance

Expected to be similar to 
chemical scrubbers

Size

Residence times Low Expected to be similar to 
chemical scrubbers
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Footprint Low Lower than chemical scrubber, 
potentially very high 
interfacial area

Operational factors

Controllability Very high, able to pace 
performance with demand, 
multi-stages & different 
scrubbants allow good 
performance over range of 
odorants

Potentially superior to 
chemical scrubber, decoupling 
of liquid and gas flows offers 
greater operational flexibility

Operational
requirements

Potentially high, ideally 
requires closed-loop dosing 
control & integration with 
SCADA

Expected to be similar to 
chemical scrubbers

Maintenance
requirements

High, chemical replacement, 
maintenance of dosing 
systems, maintenance of pH / 
redox probes

Expected to be similar to 
chemical scrubbers, possibly 
higher due to potential 
membrane fouling

Costs

Capital costs High, complex systems 
although land requirement is 
low

High, complex systems plus 
additional membrane costs

Operational
costs

High, chemical usage 
proportional to loadings

Expected to be similar to 
chemical scrubbers

Table 2.12 Design considerations for biofilters and media-based biofilters.

Biofilter Media-based biofilter

Developmental
status

In very widespread use for 
sewage odours, large body of 
experience

In relatively widespread use 
for odours, design criteria 
developing

Performance

H2S & other S - 
odorants

Good, can be optimised for 
H2S by running at low pH. 
Removal of other odorants 
would be reduced. Multi-stage 
operation possible

Good for H2S, high irrigation 
rate controls acidification. 
Solubility limitations may 
reduce efficiency for other 
sulphurous odorants.

NH3 & other N - 
odorants

Good but can have solubility 
and biodegradability 
limitations. Removal 
efficiency compromised if  
acidified due to high H2S load.

Moderate. Solubility & 
biodegradability limitations 
higher than biofilters.
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VOCs Moderate depending on 
solubility and biodegradability 
limitations. Superior to 
biotrickling filters and 
bioscrubbers. Removal 
efficiency compromised if 
acidified due to high H2S load.

Moderate. Solubility & 
biodegradability limitations 
higher than biofilters.

Odour Moderate - good depending on 
odour composition. Residual 
odours from media can be 
problematic at high removal 
efficiencies.

Moderate - good depending on 
odour composition.

Application

Air flows Medium Medium

Concentrations Low, although acidophilic 
FLS-specific filter can handle 
high concentrations.

Medium, Higher irrigation rate 
removes oxidation products.

Fluctuations Moderate. Robust with quick 
recovery from long-term 
starvation periods. Shortterm 
peaks can be problematic for 
highly loaded filters.

Moderate. Lower specific 
surface area and higher 
loadings suggest less robust 
than biofilters.

Size

Residence times High Medium

Footprint High Medium

Operational

Controllability Low Low - medium

Operational
requirements

Low, moisture content 
requires monitoring / control

Low, irrigation rate may 
require pH control

Maintenance
requirements

Low, generally periodic 
checking of moisture content, 
bed condition and pressure 
drop

Low, increasing pressure drop 
due to biomass growth may 
necessitate media 
backwashing

Costs

Capital costs Low, simple systems, 
although land requirement is 
high

Low

Operational
costs

Low. Media replacement is 
main expense. If overloaded, 
frequent media replacement 
will increase costs.

Low. Media cleaning may 
increase costs.
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Table 2.13 Design considerations for bioscrubbers and activated sludge diffusion systems.

Bioscrubber Activated sludge diffusion

Developmental
status

In relatively widespread use 
for odours, design criteria 
developing

Has been applied to sewage 
odours, design criteria 
developing

Performance

H2S & other S - 
odorants

Good for H2S, solubility & 
biodegradability limitations 
may be significant for other 
sulphurous odorants

Expected to be good for H2S. 
Solubility and
biodegradability problems for 
other sulphurous odorants.

NH3 & other N - 
odorants

Moderate. Solubility & 
biodegradability limitations 
higher than biofilters and 
biotrickling filters

Expected to be moderate. 
Similar or greater solubility & 
biodegradability limitations to 
bioscrubber.

VOCs Moderate. Solubility & 
biodegradability limitations 
higher than biofilters and 
biotrickling filters

Expected to be moderate. 
Similar or greater solubility & 
biodegradability limitations to 
bioscrubber.

Odour Moderate - good depending on 
odour composition.

Moderate - good depending on 
odour composition.

Application

Air flows High Dependant on existing 
aeration tank capacity

Concentrations High Low

Fluctuations Good, depending on mass 
transfer limitations and 
capacity of bioreactor

Moderate - good, dependant 
on existing aeration capacity

Size

Residence times Medium - low Low

Footprint Low Dependant on existing 
aeration tank

Operational factors

Controllability High. Separate liquid phase 
offers increased control 
options, ability to pace 
performance with demand, 
although to lesser extent than 
chemical scrubber

Low
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Operational
requirements

High. Relatively complex 
systems. Automation 
recommended plus integration 
with SCAD A.

Low

Maintenance
requirements

High. Maintenance of pumps, 
blowers, pH probes etc. 
required.

May increase blower 
maintenance

Costs

Capital costs High Very low, utilises existing 
assets

Operational
costs

Medium. Similar complexity 
to chemical scrubber but much 
lower chemical usage.

Low, utilises existing assets. 
Appears to have little impact 
on aeration process, although 
may increase risk of bulking 
sludge and can reduce 
nitrification capacity.

2.6 Comparison of the absorption technologies

The absorption technologies available for odour abatement have been studied in § 2.4. 

The design objective of the above processes is to transfer the odorous compounds from 

the gas phase into the liquid phase where the odorous compounds are processed either 

chemically or biologically. Comparison of existing data on odour treatment is difficult 

due to a paucity of consistent information on loading characteristics, such that in most 

cases only removal efficiencies can be compared (Table 2.14). A potential method to 

enhance the comparison of the different options is the use of a more mechanistic 

approach such as mass transfer analysis. This study aims to explore the issues of 

comparative data and describes some of the key facets between the different types of 

odour treatment systems.

Membrane contactors offer lower HTU values compared to the traditional technologies. 

Mass transfer coefficients obtained in membrane contactors are in the same range or in 

some cases slightly lower than those obtained in the conventional processes. The 

increased efficiency in the systems performance results from the increased interfacial 

areas available for mass transfer in the membrane contactors, which remains constant 

and unchanged with changing the operating conditions or physical properties.
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Table 2.14 Comparison of the absorption processes in terms of the removal efficiencies.

Technology Removal
efficiency

Process conditions Reference

Membrane 
gas absorber

99% SO2 at liquid flow rate of 38 
cm /min and gas flow rate 
of 715 cm3/min

Karoor and Sirkar, (1993)

99.9% Ammonia at 50 Kg/h load Reij et al., (1998)

Bioscrubber 99% H2S at 75 mg/ILS/m3 and 
load of 25-35 mg/m3

Hansen and Rindel, (2000)

>91% H2S load <1.46 g/(m3 h) Devinny and Chitwood, 
(2 0 0 0 )

>99% H2S load <9 g/(m3'h) Koe et al., (2000)

>99% H2S load 1.03 g/(m3 h) Li et al., (1998)

>97% H2S load 8.78 g/(m3 h) Li et al., (1998)

99% 3-350 ppmv H2S Sercombe, (1995)

Biofilter 99% H2S load 28 mg/(m3 h) McNevin and Barford, 
(2 0 0 0 )

Activated
sludge
diffusion

99% 77 ppmv H2S at a gas flow 
rate of 62 m3/min

Bowker, (2000)

Several research groups have studied the performance of membrane systems and tried to 

compare with that of the traditional contactors. Ding et al., (1992) studied the extraction 

of d-leucine from a racemic aqueous mixture into 1-octanol solution of N-n-dodecyl-1- 

hydroxyproline in a hollow fibre membrane contactor and compared the performance of 

the system with reports on dispersed phase contactors. The comparison of the two 

processes was made in terms of the absorption coefficients. Analysis of the results 

showed much higher Kga values for the membrane contactor than those obtained with 

the traditional technologies, resulting in enhanced mass transfer. This relates to the large 

interfacial area that is obtained with membrane contactors which remains unchanged 

with changing the operating conditions.

Later studies by Seibert and Fair, (1998) in a membrane contactor showed that the 

extraction of hexanol from water into octanol was 10 times more efficient when 

compared with a column containing type 2 structured packing. According to the 

authors, the enhanced efficiency resulted from the higher mass transfer area available.
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Various studies have been focused on the comparison of the different abatement 

technologies in terms of mass transfer parameters. Reed et al., (1995) compared the 

performance of different systems and reported values of the interfacial area per unit 

volume for the technologies examined. A list of the interfacial results for the various 

types of contactors are summarised in Table 2.15.

Table 2.15 Interfacial area results for various types of contactors (Reed et al., 1995).

Odour treatment system Interfacial area per unit volume (ft"1)

Free dispersion column 1-10

Packed/trayed column 10 -1 0 0

Mechanically agitated column 50-150

Membrane column 500-2000

Kreulen et al., (1993) studied the absorption of oxygen to glycerol/water solutions in a

microporous hollow fibre membrane module. The authors examined the mass transfer

performance of the system and compared with that of a bubble column. A summary of

the mass transfer results is shown in Table 2.16.

Table 2.16 Mass transfer performance results (Kreulen et al., 1993)

Technology Interfacial 
area

(cm2/cm3)

Fibre length 
(cm)

Column
diameter

(cm)

Liquid
hold-up
volume
(cm3)

KLa
(s'1)

Membrane 20 
contactor

18 4 2 0 0 0.023

Bubble
column

- 4 2 0 0 0 .2

Kreulen et al., (1993) reported that the K La values for the bubble column were much 

higher than those obtained for the membrane contactor at relatively low glycerol 

concentrations. Increasing glycerol concentration, the absorption coefficients decreased 

with a faster decrease in the values for the bubble column. At high glycerol 

concentrations^a values were much higher for the membrane contactor than those of 

the bubble column. According to the authors, increasing the concentration of glycerol a
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decrease in the mass transfer coefficients was observed in both systems; however the 

interfacial area in the bubble column was decreased while a constant value was 

observed in the membrane contactor resulting in slower degradation of the K La values 

in the membrane contactors.

Jansen et al., (1994) studied the removal of CO2 from flue gas using a hydrophobic 

hollow Fibre membrane module. The study was focused on the design of 70% CO2 

recovery from a gas flow of 600 m /s using a reactive solvent in order to minimise the 

liquid resistance to mass transfer. It was assumed that diffusion through the gas-filled 

pores was controlled and estimated the mass transfer coefficient for a membrane module 

with an outside diameter of 1 mm to be equal to 0.02 m/s. With a membrane area 

requirement of 35,500 m2 at the cost of $26/m2, the cost of the equipment would be 

30% lower than that of conventional gas absorption. Additionally, the estimated 

pressure drop for the membrane system was half the value observed in conventional 

equipment resulting in reduction in energy cost.

Jansen et al., (1994) further compared gas absorption in a membrane contactor with that 

in a packed column. In both studies a reactive solvent was used. The mass transfer 

coefficients for the packed column were calculated using an empirical correlation found 

in literature (Onda et al., 1968). In contrast with the packed tower, mass transfer 

coefficients for the membrane module were calculated based on experimental studies 

with commercially available membranes. The effect of the different parameters on the 

mass transfer was also studied. The main conclusion drawn from their study was that 

the overall mass transfer coefficient for the packed column was 1/3 of the value 

obtained for the membrane contactor resulting from the constant transfer area available 

in membrane contactors.

Karoor and Sirkar, (1993) studied the absorption of various gases (SO2, CO2, CO2 from 

CO2/N2 mixtures, and SO2 from SCVair mixtures) in water, using a microporous 

polypropylene hollow fibre membrane module in parallel flow. The authors studied the 

same processes theoretically by writing a differential mass balance, substituting the 

appropriate velocity profiles and reaction kinetics. The differential mass balance 

equations were then solved using a finite difference discretisation scheme. For the tube 

side, parabolic velocity profile was assumed while in the shell side, the velocity profile 

was predicted using Happel’s free surface model (Happel, 1954). Studies were

65



A review o f  absorption processes fo r odour treatment

completed using both wetted and non-wetted modes of operation. For the absorption of 

SO2 in water, dissociation of SO2 took place in the liquid phase:

S 0 2 + 2H 20  <=> H 20 + + H SO ;,K e = 0.014M (2.33)

The authors stated that no further dissociation occurred in the liquid phase by adjusting 

the pH. The reaction of CO2 with water found to be negligible resulting from the low 

values of equilibrium constants. The experimentally determined mass transfer 

coefficients were in good agreement with those predicted from the model simulation. 

Much higher mass transfer coefficients were obtained for the absorption of both CO2 (5 

times) and SO2 (1 0  times) compared with the values generally observed in packed 

towers. Despite the chemical reaction that occurs in the liquid phase, with SO2 

absorption much higher resistance was observed with the wetted mode rather than with 

non-wetted operating mode.

In contrast to the above study, Yang and Cussler, (1986) reported a shift in the 

controlling resistance as a result of the chemical reaction. Studying the absorption of 

oxygen in water using a microporous polypropylene hollow fibre membrane contactors 

they showed that for operation in the dry mode the aqueous phase boundary layer 

resistance controlled. The authors also stated that in absorption of CO2 into NaOH the 

effect of the chemical reaction was significant.

Li et al., (1999) studied the removal of H2S from gas streams using an asymmetric 

hollow fibre membrane module. Laminar parabolic velocity profile was assumed to 

characterise the flow of H2S gas mixture in the hollow fibre lumen. The influence of the 

operating conditions on the membrane’s coefficient, km was examined. The membrane 

module was compared with conventional symmetric polypropylene membranes. Qi and 

Cussler (1985) reported Kca values measured in polypropylene hollow fibre modules in 

the range between 0.0035 m/s and 0.0073 m/s, which is considerably lower than the 

values obtained in conventional gas absorbers (0.01-0.1 m/s). The authors stated that the 

absorption of gases such as H2SO4, SO2 in NaOH, and H2S in NaOH, is controlled by 

the membrane resistance. Although the high interfacial area per unit volume in hollow- 

fibre geometry may be compensate for the reduced overall mass transfer coefficient,
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further reduction of the membrane resistance may still be the key factor for mass 

transfer efficiency improvement of gas phase controlled systems (Qi and Cussler, 1985).

2.7 Concluding remarks

This review examined some of the technologies available for odour treatment in sewage 

treatment works. Odour control should be of major importance in the design of new 

sewage treatment work with the main focus on the prevention of odorant formation or in 

cases that prevention cannot be fully achieved, minimisation of odours from the liquid 

phase into the gas phase respectively.

Due to limited information available in literature, the selection and the design of a 

particular technology could be made in terms of composition, concentration and 

loadings. Usually after treatment design information varies from the initial values 

assumed at the design stages. For this reason flexibility in terms of the system’s 

performance should be considered.

Because of the continuous development of traditional technologies (biofilters, 

bioscrubbers, chemical scrubbers) and the development of new technologies (membrane 

absorbers), comparison of the above technologies reveals that both chemical and 

biological processes can remove odours at high extent.
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3 Materials and methods

3.1 Introduction

In this Chapter the materials and the methods used in the study are presented. A 

microporous hollow fibre membrane with operation of a gas absorber has been applied. 

In the membrane contactor, two different types of experiments were conducted; 

membrane gas absorption for H2S removal within single pass through the membrane, 

and H2S absorption from gas streams with recycle.

3.2 Membrane characteristics

The microporous hollow fibre membrane modules used in the current study, were 

supplied by Intersep. Ltd (Wokingham, Berks, UK). Membrane specifications which 

have not been supplied by the manufacturer were estimated. In such systems the contact 

areas are based on internal and external fibre diameters and the packing fraction on the 

ratio of the total outer diameter fibre volume to shell volume. The surface to volume 

fraction depends on the ratio of the active surface area to the shell volume. The 

membrane modules were consisted of 1930 and 4825 hollow fibres respectively. The 

membrane material was polypropylene because of its high hydrophobicity, ensuring the 

operation of a non-wetted membrane contactor. The membrane module specifications 

are shown in Table 3.1.
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Table 3.1 Membrane module specifications supplied by the manufacturer (Intersep. Ltd,

Wokingham, Berks, UK)

Parameter Module 1 Module 2

Fibre material Polypropylene Polypropylene

Inner diameter (pm) 330 330

Outer diameter (pm) 360 360

Pore size (jam) 0 .6 0 .6

Number of fibres 1930 4825

Active module length (cm) 20 2 0

Shell inner diameter (mm) 35 87.5

Inner contact area (m ) 0.4 1.0

Outer contact area (m ) 0.4363 1.0908

Packing ffaction(total fibre diameter /shell 
volume) (m3/m3) 0.204 0.082

Surface to volume fraction (m2/m3) 2400 6000

Gas cross sectional area (m ) 7.0 x 10-4 5.52 x 10'3

Liquid cross sectional area (m2) 1.40 x lO -4 4.126 x 10-4

Equivalent diameter (m) 1.40 x 10' 3 4.048 x 10'3

Parameters such as the gas and liquid cross sectional area and the equivalent diameter 

were not supplied by the manufacturer and have been estimated using the following 

equations.

Considering that H2S-air mixture flows on the shell-side of the membrane module:

Ag = ŝhell ~ f̂ibres = ^s ~ ^ f  (3-1)

where, AG is the gas cross sectional area, Ashell is the shell cross sectional area, d0 is the

outer fibre diameter, TV/-is the number of fibres and ds is the shell diameter respectively.

For liquid absorbent flowing inside the tubes of the module the liquid cross sectional 

area is given by equation:
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(3.2)

where AL is the cross sectional area of the liquid and dt is the inner fibre diameter. The 

equivalent diameter was estimated by equation:

eq wetted • perimeter 

Equation above can be also written as:

where ds is the inside diameter of the shell tube and d0 the outside diameter of the 

hollow fibre. For the calculation of packing fraction the following equation is used:

3.3 Experimental setup for MGA within single pass

The apparatus used for the removal of H2S from gas streams is shown in Figure 3.1. The 

gas mixture containing H2S in balance with air was introduced into the shell side of the 

module at the desired flow rate. A similar schematic for gas separation has been applied 

previously (Li et al., 1998). The absorbing liquid used was an aqueous hydroxide 

solution (NaOH). The solution was introduced into the fibre lumens and kept separated 

from the gas by the membrane walls. Both gas and liquid flow rates were controlled 

using additional rotameters. Pressure gauges were set on the gas and the liquid side of 

the module.

d.e q
(3.4)
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The operation of such technology requires much higher liquid pressure than gas 

pressure in order to avoid dispersion of gas as bubbles in the liquid phase (Li et al., 

1998). Gas phase measurements were carried out using a Hydrogen Sulphide analyser 

(Jerome 631-X, Arizona instrument). This field-portable instrument utilizes the change 

in resistance of a gold-film sensor caused by the absorption of H2S molecules, with an 

output proportional to the H2S concentration. Liquid phase measurements of the 

sulphurous compounds were made using wet chemistry method which will be reported 

in section 3.6. Counter-current flow of operation was considered under all experimental 

studies.

Off Liquid

EL
10

11

*

Off Gas

Figure 3.1 Experimental setup for H2S absorption within single pass (After Li et al, 1998) 1.

H2S gas cylinder (from BOC gases, UK), 2. Flow regulator (from Platon, range 

0.1-1.2 mL/min), 3. Pressure gauge (from Platon, range 0.2-5 bar), 4. Membrane 

module (from Intersep Ltd), 5. Flow regulator (from Platon, range 0.1-1.2 

mL/min), 6 . Pressure regulator (from Platon, needle valve), 7. Flow regulator (from 

Platon, range 0.1-1.2 mL/min), 8 . Centrifugal motor-pump (from Lafert, 0.25 kW, 

1360 rpm), 9. PVC Tank with absorbent (50 1, PVC), 10. Flow regulator (from 

Platon, needle valve), 11. H2S gas analyser (Jerome 631-X)
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3.3.1 Experimental procedure

The removal of H2S from gas streams within single pass through the membrane was 

studied over a range of liquid pH values between 7 and 13. Fresh water was used as the 

absorbing liquid at pH 7 while NaOH solution was added into the water to achieve pH 

values in the range between 8 and 13. By controlling the flow in the two sides of the 

membrane module, different gas and liquid flow rates were obtained. Pressure control 

was required as a result of the non-wetted mode of operation used.

Experiments were performed by allowing the liquid flow through the module before the 

gas was introduced into the system. When liquid outlet was observed in the contactor, 

the gas started to flow through the membrane. In each run, the following parameters 

were examined: gas and liquid flow rates, gas and liquid outlet concentrations, gas and 

liquid pressures, and room temperature. Once the experiment was initiated and both the 

gas and the liquid flows were set, extra time was required for the system to stabilise. For 

single pass through the membrane module, equilibrium was reached in less than five 

minutes. When a steady measurement of the gas concentration was obtained, both gas 

and liquid flow rates were adjusted to a different value. Measurements of several gas 

and liquid flow rates were taken. The ranges under which a series of experiments were 

carried out are listed in Table 3.2.

Table 3.2 Experimental ranges used for H2S absorption using the microporous hollow fibre 

membrane.

pH Gas flow Liquid Gas Liquid 
rate flow rate pressure pressure

(mL/min) (mL/min) (bar) (bar)

Inlet gas Outlet gas 
concentration concentration 

(ppmv) (PPmv)

7 500 50
8 1000 130
9 2000 140
10 3000 160
11 4000 200

12 5000 210

13 10000 240
20000

0.1-0.7 0 . 6- 1.2 0-100 0-100
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3.4 Experimental setup for MGA with recycle

The experimental setup used for the absorption of H2S from gas streams in the case that 

the liquid absorbent was recycled into the system was similar to that obtained within 

single pass (Figure 3.2). The gas mixture containing H2S in balance with air was 

introduced into the shell side of the module at the desired flow rate. The absorbing 

liquid was flowing into the fibre lumens, separated from the gas by the membrane walls. 

Gas and liquid flow rates were controlled using additional rotameters. Once more, the 

pressure in the liquid phase had to be set higher than that of the gas to avoid dispersion 

of gas as bubbles into the liquid phase. The gas phase concentration measurements were 

monitored on-line using Hydrogen Sulphide analyser (Jerome 631-X, Arizona 

Instrument Corporation, 1997). Liquid phase measurements of the sulphurous 

compounds were analysed regularly using the wet chemistry method. All experiments 

were performed in non-wetted mode of operation and in counter-current flow through 

the contactor. Experiments were conducted over a range of liquid pH values between 7 

and 1 0 .

3.4.1 Experimental procedure

In contrast to the single pass absorption, both the gas and the liquid flow rates were set 

to a constant value until each run was complete. Non-wetted mode of operation was 

used and hence, the pressure in the liquid phase had to be set slightly higher than that of 

the gas to avoid dispersion of gas as bubbles in the liquid. Each experimental run was 

starting with the liquid absorbent flowing through the contactor first. The contaminant 

gas (H2S) was introduced into the module counter-currently once liquid absorbent was 

observed in the liquid outlet.

Gas and liquid concentration measurements over time were monitored on-line for all the 

liquid pH values tested. For low pH values (between 7 and 8) the system was reached a 

steady state value within 2 hours while at higher pH values longer time of operation was 

required. The monitoring of the gas phase concentrations was carried out using the 

Jerome 631-X H2S analyser. Experiments were carried out for liquid pH values ranging
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from 7 to 10 at constant gas and liquid flows of 500mL/min and 150mL/min. Both the 

gas and the liquid pressures were set to be constant at 0.4bar and 0.8bar respectively.

Liquid recycle

Off Gas

Figure 3.2 Experimental setup for H2S absorption with recycle. 1. H2S gas cylinder (from BOC 

gases, UK), 2. Flow regulator (from Platon, range 0.1-1.2 mL/min), 3. Pressure 

gauge (from Platon, range 0.2-5 bar), 4. Membrane module (from Intersep Ltd), 5. 

Flow regulator (from Platon, range 0.1-1.2 mL/min), 6 . Pressure regulator (from 

Platon, needle valve), 7. Flow regulator (from Platon, range 0.1-1.2 mL/min), 8 . 

Centrifugal motor-pump (from Lafert, 0.25 kW, 1360 rpm), 9. PVC Tank with 

absorbent (50 1, PVC), 10. Flow regulator (from Platon, needle valve), 11. H2S gas 

analyser (Jerome 631 -X)

3.5 Gas phase measurements

3.5.1 Jerome 631-X H2S analyser

The gas phase concentrations at the outlet of the membrane were measured using the 

Jerome 631-X. This instrument is a common type of a gold-film monitor that utilizes the 

change in resistance of a gold film sensor caused by adsorption of H2S molecules, with 

an output proportional to the H2S concentration.
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The Jerome 631-X H2S analyser has a sensitivity of 3 ppb (parts per billion) and can 

measure up to 50 ppm (parts per million) H2S. Sample times range from 13-30 seconds, 

depending on H2S concentration (Arizona Instrument Corporation, 1997). The Jerome 

631-X used in the current study is shown in Figure 3.3.

Figure 3.3 Jerome 631-X H2S analyser

Extensive testing of the Jerome 631-X has been carried out by several research groups 

(Gostelow, 2002). H2S analyser is capable of quantitative detection of hydrogen 

sulphide over a range of 2 ppb to 50 ppm with acceptable precision and accuracy. 

Precision has been tested by repeated analysis of the same standard, with the results 

shown in Table 3.3. Accuracy has been also assessed by parallel analysis of bag 

samples using the Jerome 631-X and a Gas Chromatography (GC) method with a 

precision of 5%. The Jerome 631-X and GC results have been in good agreement 

(Gostelow, 2002).

Jerome 631-X relies on adsorption and can be susceptible to interference from other 

reduced sulphur compounds. As these tend to be odorants, this may not be a 

disadvantage if an instrumental indication of odour concentration is required. If, 

however, specificity is required, any interference is a disadvantage (Gostelow, 2002).
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Table 3.4 shows the response factors for a series of reduced sulphur compounds as a 

percentage of H2S response. It is observed that Jerome 631-X shows a significant 

response to many of these compounds.

Table 3.3 Jerome 631-X precision results (Gostelow, 2002).

H2S Concentration (ppm) Relative Standard Deviation (%)

0 .0 0 2 32.2

0.005 10.8

0.13 11.6

0.43 4.3

0.72 6 .0

0.87 2.1

33 1.6

Table 3.4 Jerome 631-X response to reduced sulphur compounds (Gostelow, 2002).

Sulphur Compound Response factor (%)

Hydrogen sulphide 100

Methyl mercaptan 45

Dimethyl disulphide . 40

n-propyl mercaptan 40

Carbonyl sulphide 36

t-butyl mercaptan 35

n-butyl mercaptan 33

Diethyl sulphide 25

Diethyl disulphide 17

Tetrahyrothiophene 10

Dimethyl sulphide 7

Thiophene 0 .8

Carbon disulphide 0.01

3.5.2 Odalog H2S data logger

Gas phase measurements were also carried out using the Odalog gas logger designed to 

log gas levels over extended periods of time. The Odalog uses an electrochemical sensor
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to detect levels of a specific gas, usually in parts per million (ppm) or % of the total gas 

volume (% VOL). The sensor consists of electrolyte and electrodes packaged in a small 

container with a diffusion barrier through which the gas sample passes. A subsequent 

chemical reaction causes current flow within the sensor in relation to changes in the 

level of the gas passing through the diffusion barrier. This current output is then 

interpreted within the Odalog, displayed on the LCD and recorded in the Odalog’s data 

logging chip. The Odalog gas logger applied in this study is shown in Figure 3.4.

O-datoo

Figure 3.4 Odalog gas logger (App-Tek International Pty Ltd., Australia).

3.6 Liquid phase measurements

3.6.1 Sulphide measurement using HACH spectrophotometer

Sulphide concentration was measured using the wet chemistry method. Samples taken 

for a pH range of 7 to 13 were analyzed using the HACH spectrophotometer. Method 

8131 (HACH Ltd., 1998) was used for measuring S2' concentrations up to 0.6 mg/L. 

Sulphide test was based on the ability of hydrogen sulphide and acid-soluble metallic 

sulphides to convert N, N-dimethyl-p-phenylenediamine ((CHs^NCefLMH) directly to 

methylene blue (C16H18CIN3S), in the presence of a mild oxidising agent, potassium 

dichromate (K^C^Cb). The intensity of the methylene blue colour development is 

directly proportional to the amount of sulphide present in the original sample.
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A colorimetric measurement of this intensity provides an accurate means to determine 

the sulphide concentration. All the necessary reagents were contained in sulphide 1, 

reagent and sulphide 2, reagent. By selecting the appropriate program for sulphide 

analysis, 25 mL of a sample were pipette into a clean sample cell. Another sample cell 

was then filled with 25 mL of demineralised water (blank sample). 1 mL of sulphide 

reagent 1 was also added in each sample and mixing was necessary for the reagent to 

dissolve. Another 1 mL of reagent 2 was then added in each sample cell and again 

immediate mixing was required. The presence of sulphide in the sample was observed 

by the development of an initial pink colour and then turning the solution to blue. The 

samples were allowed to react for a period of five minutes. After the reaction was 

complete, the blank sample was placed into the cell holder to read the concentration of 

the sample in mg/L. The same procedure was followed for the rest of the samples. The 

use of the blank sample was necessary in order to ensure accurate predictions of the 

results.

3.6.2 Sulphate measurement using MERCK spectrophotometer

Sulphate concentrations were analyzed using the Merck spectrophotometer applying the 

photometric method for a range of liquid pH values between 7 and 13. The procedure 

for determining sulphate is a modification of the Barium Sulphate Turbidimetric 

Method. A single dry powder reagent called sulfaver 4 sulphate reagent will cause a 

milky precipitate if sulphate is present. The amount of turbidity formed is proportional 

to the amount of sulphate present. Sulphate test cells used were suitable for 

concentrations in the range of 5-250 mg/L as SO4 ". After entering the appropriate 

stored program number for sulphate a clean sample cell was filled with 5 mL of the 

sample. The contents of the sulfaver 4 sulphate reagent were then added into the sample 

cell and swirling until the reagent was dissolved was necessary. A white turbidity was 

developed indicating the presence of sulphate in the samples. The samples were then 

allowed to stand undisturbed for 5 minutes for the reaction to occur. At the end of the 5 

minutes period, the display was set to read concentration of sulphate in mg/L. After 

reading the first sample, the reading of a blank sample was necessary to check how 

accurate predictions could be achieved. The same procedure was followed for the rest of 

the samples. DIONEX ion chromatograph was also used to measure the amount of
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sulphate in the samples and similar results were obtained ensuring accuracy of the test 

kit used.

3.6.3 Elemental sulphur measurement using Inductively Coupled Plasma Atomic 

Emission Spectrophotometry (ICP-AES)

In order to measure the amount of total sulphur in the samples, ICP- Inductively 

Coupled Plasma-Mass spectrometry equipment was used. This is a Thermo Jarrell Ash 

Atomscan 16 unit, supplied by Sci-Tek Instruments. The Thermo Jarrell Ash 

ATOMSCAN 16 is a sequential plasma emission spectrophotometer. It consists of three 

modular components: (1) a benchtop mounted fully automated inductively coupled 

plasma emission source with a computer controlled slew-scanning monochromator, (2 ) 

a floor mounted power unit which provides power to all other components and 

accessories, (3) a data acquisition centre.

For the analysis of one sample a volume of approximately 10 mL was required. The 

samples were prepared using 0.1% of nitric acid for calibration purposes. Samples of 

20mL volume were prepared. The samples were analysed in pairs in order to reduce 

error risk and ensure accuracy of results.

A number of calibration graphs for sulphur (S), were developed over a range of 

concentrations 0 mg/L, 10 mg/L, 20 mg/L, 30 mg/L, 40 mg/L. The calibration curves 

were produced using ICP standard solution purchased from Merck Ltd chemical 

supplies. The standards prepared were tested separately to ensure accuracy and 

reliability of the unit.

3.7 Batch reactor measurements

A series of experiments were carried out in a batch reactor in order to investigate the 

kinetics of the chemical reaction of H2S in alkaline solutions. The main characteristics 

of such system are:

• Each batch is a closed system

• The total mass of the reactor is fixed
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• The volume or density of each batch may vary as reaction proceeds

• The residence time for all the elements in the fluid is the same

Considering that the batch reactor was used for a liquid phase reaction, the volume per 

unit mass of material assumed to be constant under all experimental studies. In a 

constant volume of 1 L, H2S was diffused through the system at a constant flow rate of 

1 L/min. Measurements of the gas phase concentration were taken over time until a 

steady state measurement was obtained. The same procedure was followed for the range 

of pH values between 7 and 11 respectively. Gas phase measurements were completed 

using the Odalog gas logger a detailed description of its use and operation was reported 

in § 3.5.2.
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4 Reaction kinetics of H2S in water solutions

4.1 Introduction

This chapter reviews the chemical kinetics and the reactions involved in the absorption 

of H2S in various water solutions. The types of odorous compounds that can occur in 

wastewater treatment streams and how the chemistry of those compounds affects the 

design of scrubbing systems are discussed. The main focus of the study is using 

experimental methods to describe how the experimental rate data obtained, can be 

developed into a quantitative rate law for a simple single-phase system and determine 

the values of rate parameters. Since the rate of reaction is of primary importance, 

emphasis is given on the definition, measurement of the rate of reaction and its 

dependency on different parameters. Finally, the chapter introduces some of the main 

considerations and the parameters affecting the reactor performance.

4.2 Sulphurous compounds in wastewater

Sulphurous compounds are ubiquitous in wastewater. They are normally present either 

as organic sulphur compounds, derived mainly from proteinaceous matter and 

household detergents, or inorganic sulphur compounds, mainly present as sulphate 

resulting from urine and raw water. Table 4.1 lists nine of the oxidation states sulphur
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can exist (Gostelow, 2002). Sulphur is an essential element for the growth of many 

biotas, including animals, plants and microorganisms.

Sulphur can be present in compounds with mixed oxidation states, such as thiosulphate 

(S2O32'), polysulphides (-S(S)nS-), or polythionates (-0 3 S(S)nS0 3 ‘) (Bruser et al., 2000). 

The most commonly present forms of sulphur in aqueous solutions are sulphide (the 

most reduced form) and sulphate (the most oxidised form) (Gostelow, 2002). 

Compounds such as thiosulphate, elemental sulphur and sulphite, are also present as 

intermediates in chemical or biochemical redox reactions.

Table 4.1 Sulphur oxidation states in common compounds (Gostelow, 2002)

Oxidation state Compounds

-2 Dihydrogen sulphide (H2S), Hydrogen sulphide ion (HS‘), 
Sulphide ion (S2')

-1 Disulfane (H2S2), Disulphide (S22’)

0 Elemental sulphur (Sn), Organic polysulfanes(R-Sn-R)

+1 Dichlorodisulphane (Cl-S-S-Cl)

+ 2 Sulphur dichloride (SCI2), Sulfoxylate (SO22')

+3 Dithionite (S2O42')

+4 Sulphur dioxide (SO2), Sulphite (SO32')

+5 Dithionate (S2O62"), Sulfonate (RSO3')

+ 6 Sulphur trioxide (SO3), Sulphate (SO42'), Peroxosulphate (SO32")

4.3 Dissociation of H2S in alkaline water solutions

H2S is a weak dibasic acid that dissociates under acidic conditions to form molecular 

hydrogen sulphide (odour) and under basic conditions to form dissolved ionic sulphide 

(non odour) (Abott, 1993). For a typical wastewater with approximately pH between 6.5 

and 8 , hydrogen sulphide will be present as both dissolved H2S and HS' ion (Boon, 

1995). Odour problems are enhanced at low pH values and suppressed at higher pH 

values.
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4.3.1 Solubility of H2S in water -  Henry’s law

Numerous researchers have studied the solubility of hydrogen sulphide in water and 

assumed that Strict Henry’s Law applies (Carroll and Mather, 1989). Published reports 

have shown that at constant temperature, the solubility is proportional to the pressure. 

Wright and Maass, (1992) stated that Strict Henry’s Law does not apply to hydrogen 

sulphide in water.

Carroll et al., (1989) explained the possible deviations from strict Henry’s Law as a 

result of the non-idealities of the gas phase for pressures up to 1 MPa. The authors 

reported that at low pressures (< 2  bar), the solubility of H2S in pure water is given by 

strict Henry’s Law with an error of about 1%. According to Henry’s Law, the mass of a 

gas that dissolves in a definite volume of liquid is directly proportional to the pressure 

of the gas provided that the gas does not react with the solvent. Henry’s Law can be 

described by the following equation:

ec =e{Hp) (4.1)

where P is  the partial pressure of the gaseous solute in atmosphere, C is the 

concentration of the gas in mol/L and H  the Henry’s Law constant in L atm/mol. By 

taking the natural logarithm in both sides, the above equation reduces to the more 

commonly used form:

C = HP (4.2)

Often Henry’s Law constant is expressed as a function of the solubility of the gas, the 

temperature of the water and the purity of the water as shown in equation (4.3):

H J 6MPM^  (4.3)
TS

where P is  the vapour pressure of pure solution in Hg ,M W is the molecular weight in

g/mol,Pis the temperature in K and S is the solubility of the solution in mg/L. Several 

correlations have been applied for the estimation of Henry’s Law constant (Table 4.2).
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Table 4.2 Henry’s constant correlations 

Correlation Reference
19996Q

In H  = 340.292 -  ■■ ' + 0.0595651 • T -  55.05511nT Xia et a l,  (2000)

12224 4
InH  = 312.831 -  ‘ + 0.05303 • T -  49.7825 InT  Carroll et al,  (1993)

Hydrogen sulphide (H2S) follows Henry’s Law at low gas phase concentrations. A plot 

of Henry’s Law constants for H2S as a function of temperature is shown in Figure 4.1 

(Card, 2001). A linear increase of Henry’s law constant over a range of temperatures is 

observed. Card, (2001) reported that the use of Henry’s law constants has to be 

completed with care for gases like Hydrogen sulphide because the liquid phase 

concentration of H2S represents only the un-ionised fraction and will be a function of 

the solution pH.

1200

1000  -cr

800 -
i n  c  
£  °
* ■£ 600 -  o  ro

400 -

200  -

10 200 30 40 50 60 70
Temperature (°C)

Figure 4.1 Henry’s Law constants as a function of temperature (Card, 2001).
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4.3.2 Reaction of H2S in alkaline environment

H2S dissociation in water occurs according to the following chemical reactions:

The dissociation of molecular H2S to form HS'ion

H 2S + H 20  H f i *  + HS~ Kj = l.OxlCT7molesn  (4.4)

The dissociation of HS' to form S ion

HS~ + H 20  <3- H }0* + S 2~ K 2 = 1.3 x 10_l3 moles / L  (4.5)

The self-ionisation of H2O

H 20  <=> H + +OH~ K w =1x10 moles/L (4.6)

The reactions (4.4) and (4.5) above are ionic as they involve only a proton exchange and 

have been extensively reviewed by various researchers (Astarita and Giola, 1964). 

These reactions can be regarded as instantaneous in the sense that during the absorption 

process, even though concentration gradients may exist in the liquid phase resulting 

from the finite diffusion rates, ionic equilibrium is assumed to hold at any point in the 

liquid.

For the determination of the total amount of H2S in the aqueous solution, the 

concentrations of the various species present have to be summed. The total sulphide 

concentration Ct is given by:

C ,= [ / /2S] + [aS'-J+[.S'2-j (4.7)

where, [H2S] is the concentration of the unionised dissolved hydrogen sulphide 

in mol / L, \HS~ Jis the concentration of the hydrogen sulphide ion in mol / L ,and [s2~ J is 

the concentration of the sulphide ion in mol / L respectively.

The derivation of the equations used for the calculation of the relative proportions of 

each species in the liquid phase are as follows:
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The fraction of the dissolved sulphide as H2S is given by:

UhiS [7725,]+ [h 5 " ]+ [s2“] ( 4 ' 8 )

Using the equilibrium conditions for the first and the second dissociation reaction:

' ■ - W

Kj is the first ionisation constant and K2 is the second ionisation constant 

in mol / L respectively. The hydrogen ion concentration is calculated from the pH using 

Equation (4.11):

R o +J = V)-pH (4.11)

Using equations (4.9) and (4.10) equation (4.8) will take the form:

a = ^  ( A m
HlS \,J «.i , K\ H 2S\ K xK 2[H2S\ ( • }

Rearrangement of equation (4.12) yields

a^ -  K, K tK 2 (413)
1 + t  — 1 + r 

R O 7] [H2o f

Hence,
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a H ns  ~
\h ,0+ ]

[//30 +f  + k \ h  ,0*}+ K tK 2
(4.14)

The equation describing the fraction of dissolved sulphide as HS" is derived in a similar 

manner to that of H2S.

aHS~ =
\h S~ I 

[tf2s ] + M + [ s 2-]
(4.15)

Substituting equations (4.9-4.10) the above equation takes the form

k \ h 2s ]

a m -  =

H ,0
\ T, c l,  . k ,k 2[h 2s \

(4.16)

Rearrangement of equation (4.16) yields

a =
HS~

h 3o +

1+
K x [ K xK 2

[h , o *]

(4.17)

Resulting in equation (4.18) below:

_ k \ h , o *\_
aHs- = (4.18)

[h 3o *] + k \ h , o ' ) + k ,k 2

Finally, the equation describing the portion of the dissolved sulphide as S2' is given by:

=

1cs

, Co,

M + izrj+ls2-] (4.19)
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Substitution of equations (4.9-4.10) yields

k ,k 2[h 2s ]

a s>-  =
V h o f

r Pl k ,[h 2s \ k ,k 2[h 2s \ >

Equation (4.20) after rearrangement becomes

k ,k 2

v  - u
M +] [H2o f

which can be written as:

V - = T 12 Kf 2 1-------- (4-22)[h 3o +\ +k 1[h 3o +\+ k 1k 2

where:

a  = species fraction

[/r]=io-
K t = IO-7'04

\~PH

-12 .89k 2 = 1 0

The various states of sulphide in the liquid phase are indicated in Figure 4.2. The graph 

shows that at very low pH values (below 7) most of the total sulphide exists as 

molecular H2S. At neutral pH, 50% of the total sulphide exists as molecular H2S and 

50% is in its ionic form. The first dissociation step occurs at pH 7.04 and the second 

dissociation takes place at a pH value of 12.89. In the pH range between 9 and 11, all
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the sulphide exists as HS". Increasing the pH to 13, only 50% of the sulphide exists as

HS' whilst 50% is present as S2\

g. 0.75 -
CO
CO

■■B 0-25

86 10 12 142 40

H2S
HS-
S2-

PH

Figure 4.2 Dissociation of Hydrogen Sulphide

4.4 Determination of the reaction rate

The amount of substance reacted or produced per unit time is known as the rate of a 

chemical reaction. An expression indicating how the rate of reaction depends on the 

concentrations of the reactants is known as the rate law. The power of the concentration 

in the rate law expression is called the order with respect to the reactant.

The rate of a chemical reaction is affected by a number of parameters, the most 

important of which are:

• The nature of species involved in the reaction.

• Concentration of species

• Temperature

• Catalytic activity
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• Nature of contact of the reactants

The dependency of the reaction rate on the above parameters can be expressed 

mathematically in terms of a rate law. For species A in a given reaction, the rate law 

could take the form

r A =  r A (cone.,temp., etc) (4.23)

The reaction of H2S in water solutions is a second order reaction (Astarita and Giola, 

1964). A reaction of this type occurs when two reactants A (H2S) and B (OH'), interact 

in such a way that the rate of reaction is proportional to the first power of the product of 

their concentrations. Considering the reaction A + B -> Pro ducts, the rate equation 

describing the dissociation of H2S in water for a constant volume batch system (i.e. 

constant density) is given by the following equation:

(4 2 4 )

Where, Ur is the reaction rate constant in s'1, Ca is the concentration of H2S and Cr is 

the concentration of OH' in mol/L respectively. The amounts of H2S and OH' reacted at 

any time t, are shown in Table 4.3:

Table 4.3 Stoichiometric equations for components H2S and OH'

Reactants H2S (Component A ) OH' (Component E )

Amount at time t  =  0 C a o C b o

Amount at time t  =  t C a C b

Amounts that have reacted C a o - C a C b o ~ C b

From the stoichiometric equations described above the concentration of component B at 

time t — t can be expressed as:

Cb =Cbo- (C ao- C a) (4.25)
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Substitution of equation (4.25) into equation (4.24) rearrangement an integration 

between the limits yields:

W - e U x * * *  <426)

Equation (4.26) is solved into partial fraction as

Z" A / a m\+ T/------------- r------ 1 (4.27)
Ca[ ( C „ - C m )+Ca] c a [(c bo- c ao)+ c a]

where:

t[(c bo- C ao)+Ca]+JICa s i  (4.28)

Equating the coefficients of Ca and the constant on both the right and the left side of 

equation (4.28) leads to the following equations:

r(Cs o - C JO) = 1 (4-29)

t + A = 0 (4.30)

where:

T = (c - C  ) (431)V -'B O  A O )

and

(4 3 2 )V^BO ao  )
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Substituting equations (4.31) and (4.32) into equation (4.27) and integrating between 

the limits gives:

1
dC, dC

(cBO- c AO)cA M c bo- c ao\ ( c bo- c ao) + c a]

I
= k jdt (4.33)

(c bo- c ao) \  C
l n - ^ -  + ln (CBq CA0) + CA

. i^BO ~ CAO ) + CAO
= kt (4.34)

Rearrangement of equation (4.34) results in equation (4.35) below:

In
( c  ^AO ( C B0 C AO ) + C A

c\ BO J L J —k (c B0 CA0 y (4.35)

The plot of \n< ( c  \AO { C b o - C j o I + C A

r\^BO J C a Jf against time results in a straight line the

slope of which equals k(CB0 -  CA0). In cases that the initial concentration of reactant B

is much higher than that of reactant A, the concentration of B remains approximately 

constant and hence the reaction reduces to first order. This type of reaction is known as 

pseudo-first order reaction. In such case, the rate of reaction is expressed by the 

following equation:

( - o ) =
~dC,

dt
= kC. (4.36)

As with the second order equation, rearrangement and integration between the limits 

yields

C,n 0 (4.37)
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Hence, equation (4.37) can take the form

\ a - ^ -  = kt (4.38)
CM

A series of experiments in a batch reactor were carried out in order to measure the 

reaction rate for the dissociation of H2S in water solutions. The experimental kinetic 

data showed that the reaction follows first order kinetics, an extensive analysis and 

discussion of which is given in § 4.4.1.

4.4.1 Experiments for the determination of the reaction rate

The rate of reaction must be measured and cannot be predicted from properties of 

chemical species (Missen et al., 1999). The principal techniques applied to determine 

reaction rate functions from the experimental data are differential (based on 

differentiating the concentration versus time data in order to obtain the actual rate of 

reaction to be tested), and integral (which estimates the reaction order based on the 

reaction stoichiometry assumptions concerning its mechanism). For the determination 

of the reaction rate of H2S in water, a batch reactor has been used. A series of 

experiments under constant volume conditions and temperature were completed over a 

range of liquid pH values. The experimental kinetic data were analysed using the 

integrated form of rate equation. The integrated form of an assumed rate law is the most 

commonly used method of determining values of kinetic parameters from experimental 

data obtained isothermally in a batch reactor. A graphical representation of the change 

in the concentration over time for various liquid pH values is shown in Figure 4.3.

The analysis of the experimental kinetic data revealed that the rate of reaction depends 

on the concentration of the reactants. This dependency varies over a range of liquid pH 

values. The plot of the logarithm of the concentration change over time gives a straight 

line. The slope of the line is the reaction rate constant. The unit of the rate constant for a 

first order reaction is s'1. At pH values beyond 7 where the amount of OH' present in the 

system is significant most of the H2S reacts in the liquid phase and controls the rate of 

reaction. In contrast, at pH values below 7 the concentration of OH' is insignificant
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compared with that of H2S and hence the reaction rate is dependent mainly on the 

concentration of the OH' present in the system.

The experimental kinetic data were fitted in both first order and second order models in 

order to determine the order of the chemical reaction. Plots of the logarithm of the 

change in the concentration of H2S over time were obtained (Figure 4.4). Analysis of 

the data revealed that the reaction of H2S in water is first order with respect to H2S. At 

lower pH, the deviation from a second order model was much larger compared to that of 

the first order model. As the pH increases a better fit of the data to the second order 

model was observed. This results from the amount of hydroxide present in the system 

which is much larger at high pH values than the amount of H2S, which remains 

approximately constant reducing the reaction to first order.

0.000

- 1.000

- 2 .0 0 0 --------------

- 3.000  -

- 4.000  -

- 5.000
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A A A

T im e  ( s )
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□  pH  5 .8 8  

A pH 6 .8 4  

O p H  7 .8 8  

A  pH 9 .0 9  

•  pH 1 0 .2 4

1 4 0 0  1 6 0 0

Figure 4.3 Plot o f the logarithm of the change in the concentration as a function of time for the 

various pH values tested based on first order kinetics.
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5 Membrane gas absorption: Experimental results and 

discussion

5.1 Introduction

The work presented in this chapter refers to the experimental measurements carried out 

in the HF membrane gas absorber, for the scrubbing of H2S from air with water as the 

contact solvent. The impact of the gas and liquid flow velocity, concentration, and pH 

on system’s performance is investigated. Experimental measurements based on single 

passage though the membrane module or where a recycle stream is used have been 

completed and compared with classical dimensionless correlations available in 

literature. Finally, Chapter 5 compares the experimental results obtained for the MGA 

with previous studies carried out in conventional equipment, explores the issues of the 

comparative data and describes some of the key facets between the different treatment 

technologies.

5.2 MGA experimental results with single pass

The performance of a hollow fibre membrane module for the absorption of H2S from 

gas streams was studied with a single pass through the membrane, in terms of overall 

H2S removal and mass transfer coefficients. The concentration of H2S in the outlet gas 

was measured experimentally as a function of the gas flow rate for a range of liquid pH 

values between 7 and 13 (Figure 5.1).
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Figure 5.1 Outlet H2S concentration in the gas phase as a function of gas flow rate at constant 

liquid flow rate of 2.5x1 O'6 m3/s. Measurements taken at pH values in the range 

between 7 and 13.
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An increase in the residual H2S concentration with increasing the gas flow rate was 

observed at all liquid pH values tested. At relatively low pH values H2S presents in its 

molecular form and only a proportion is in its ionic form resulting in lower removal 

efficiency and hence higher H2S concentration in the gas outlet. For instance, at neutral 

pH, the concentration of H2S increased from 0.0114 g/m3 to 0.06 g/m3 as the gas flow 

rate increased from 8.33xl0 ' 6 to 8.33xl0 '5 m3/s respectively. In contrast, at high pH 

values, most of the sulphide is present in its ionic form hence increasing the system’s 

removal efficiency and resulting in very low or negligible outlet H2S concentration. At 

pH 13 H2S values were in the range between 1.539 xlO"6 g/m3 and 2xl0 ' 5 g/m3 for gas 

flow rates between 8.33xl0’6 and 8.33xl0 ' 5 m3/s.

5.2.1 H2S removal

The experimental results revealed equilibrium to be rapidly established within five 

minutes (Figure 5.2). Equilibrium is defined as the point at which the system is at steady 

state. For a system operating at steady state no change of the concentration over time is 

observed. The plot of the outlet H2S concentration as a function of time showed 

equilibrium to be established at 120 seconds when the system was operating at pH 9. 

Similar results were obtained for all the liquid pH values tested.

17 

16  

S  15

J
14  

13
0 100  200  3 0 0  4 0 0

T im e ( s )

Figure 5.2 Variation of the outlet H2S concentration in the gas phase with time. Experimental 

measurements obtained at gas flow rate of 1.25x1 O'4 m3/s, liquid flow rate of 

3.33x1 O'6 m3/s and liquid pH 9.
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The influence of water pH was crucial in determining the performance of the system. 

The relationship between the H2S removal efficiency and the liquid pH is presented 

(Figure 5.3). For the calculation of the removal efficiency, equation (5.1) was applied.

%removal = Cc,n GoM x 100 (5.1)
^ G i n

where, CGin and CGout are the inlet and the outlet concentrations of H2S in the gas phase.

As the liquid pH changed from 7 to 9 an increase in the removal of H2S from 64% to 

82% at a given gas flow rate of 6.67x10' m /s was observed whilst at higher liquid pH 

values between 10 and 13 the removal efficiency of the system remained unchanged to a 

value of 99.9%. The difference in the removal data obtained at various liquid pH values 

can be due to the impact of the H2S solubility in strong bases (NaOH). As well reported 

in Chapter 4, H2S is a weak dibasic acid and dissociates according to equation 4.1. 

Increasing the liquid pH, the dissociation reaction shifts to the right hand side producing 

a more ionic form of sulphide species and hence increasing the hydrogen sulphide 

concentration into the water. Sulphide can be further oxidised in water forming 

elemental sulphur and sulphate:

2H2S + 2 0 2 => S042‘ + S2‘ + 4H+ (5.2)

Reaction 5.2 is improved when large amount of OH' is dissolved in the liquid phase, 

increasing the efficiency of the process. This has been observed at high pH values 

where the reaction of H2S with NaOH is enhanced. This is in agreement with published 

reports where high efficiencies were obtained when fast reactions (H2S in NaOH) were 

involved compared to those accompanied by slow reactions (C02 in NaOH)(Qi and 

Cussler, 1985).

The removal data were further compared with published reports and found to be in good 

agreement. In the transfer study of S02 using a hollow fibre membrane, removal, as 

high as 98% was achieved, with liquid flow rate of 38.46 mL/min and gas flow of 715 

mL/min, in a 30 cm-long, and 0.49 cm-diameter module, when pure S02 was fed into 

the system. (Karoor and Sirkar, 1993).
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Published information on bioscrubbers showed that the best removal rates and 

efficiencies are obtained with H2S and some existing systems are capable of removing 

H2S to zero values from concentrations as high as 1 00 0  ppmv and 2 0 0 0  ppmv 

respectively in a single bioreactor (Joyce and Sorensen, 1999). This is in agreement 

with the experimental results obtained in the HF hollow fibre membrane contactor at 

liquid pH values between 11 and 13.
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Figure 5.3 % H2S removal efficiency as a function of liquid pH at various gas flow rates. Plots 

of removal data of several experiments in the pH range between 7 and 13.
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A decrease in the removal efficiency of H2S was observed with increasing the G:L ratio 

(Figure 5.4). The slope of the decreased efficiency was more significant at low pH 

values. For instance, the removal efficiency decreased from 95.2% to 62% at pH 7 with 

increasing the G:L ratio from 3.5 to 38.4, compared to a constant value of 99.9% 

observed at pH 13. At the lower pH values the decrease in removal was seen to follow a 

relationship of the basic form:

R = a ( G : L f  (5.3)

where the coefficients a and b changed as a function of pH.
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Figure 5.4 H2S removal efficiency as a function of G:L ratio at various alkaline pH values (pH 
7-pH 13).

5.2.2 Mass transfer analysis

Mass transfer analysis revealed that the rate of mass transfer is gas phase controlled. 

This is the result of the instantaneous reaction of H2S that occurs in the liquid phase. In 

the case of high concentrations of H2S in the gas phase, the absorption process is 

determined by mass transfer in the liquid phase. The equation that describes the overall
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mass transfer coefficient of a gas phase controlled system is given by the following 

equation:

K  = —  In
c  ^^ G i nc

\  G o u t  J

(5.4)

where, K  is the overall mass transfer coefficient of H2S in the gas phase in (m/s), Qg is

3  2the gas flow rate in (m /s) and AT is the total area available for mass transfer in (m ). 

Similar derivation of the mass transfer equation has been described previously by Li et 

a l , (1997) who used asymmetric hollow fibre modules for the elimination of H2S from 

gas streams via a membrane absorption method. It should be noted that the mass 

transfer coefficient K, calculated in the current study is an overall value based on gas 

phase numbers and is related to the individual mass transfer coefficients of the liquid 

phase, membrane phase and gas phase respectively. The relationship between the 

overall mass transfer coefficient and the individual transfer coefficients has been 

described by the mass transfer resistance in series rule which has been discussed in §

2.3.1. Since H2S is a sparingly soluble gas but reacts in the liquid phase — could be
ki

neglected. This is in agreement with previous studies on H2S absorption at low gas 

concentrations carried out by Li et al., (1998).

The overall mass transfer coefficient, K  was calculated as a function of both gas and 

liquid flow rates at various liquid pH values. A list of the calculated values of the mass 

transfer coefficients for liquid pH values between 7 and 13 is given in Table 5.1. 

Maximum and minimum values of the experimentally determined mass transfer 

coefficients are also shown. Considering these values, average values of the mass 

transfer coefficient of H2S at all the liquid pH values examined are estimated. The 

variation in the mass transfer coefficients obtained experimentally could be due to the 

variation in the gas flow rate. At relatively low gas flow rates, much lower values of 

mass transfer coefficients were observed compared to those obtained at higher flows. 

The mass transfer results were further compared with published data, and results of the 

same order of magnitude were obtained (Table 5.2).
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Table 5.1 Summary of the mass transfer coefficients measured at liquid pH range between 7

and 13.

pH Average XxlO"1

Maximum

(m/s)

Minimum
Max -  Min

7 1.25 1.96 0.54 1.42

8 1.32 2 .1 0 0.60 1.50

9 2.04 3.57 0.64 2.93

10 5.28 9.20 1.10 8 .1 0

11 8.90 16.7 1.30 15.4

12 9.20 17.5 1.70 15.8

13 10 .2 20.4 2.40 18.0

Table 5.2 H2S mass transfer coefficients based on previous experimental studies.

System if  xlO-4 (m/s) Reference

MGA for H2S removal from H2S -  N2O 
mixtures -  non wetted mode of operation

25 (Kreulen et al., 1992)

MGA of pure H2S -  non-wetted mode of 
operation

0 .0 2 (Kreulen et al., 1992)

MGA for H2S in NaOH -  wetted mode of 
operation

1 -9 0 (Li et al., 1998)

Kreulen et al., (1993) reported that the mass transfer coefficient of H2S and N2O 

mixture was equal to 25x1 O' 4 m/s compared to the 0.02x1 O'4 m/s for the absorption of 

the pure H2S. Similarly, reports by Li et al., (1998) showed that overall coefficient 

values within the range of lx l 0-4 m/s and 90x10"4 m/s for H2S when NaOH solution 

were used.

Comparison of the mass transfer data obtained in the current study with other 

membranes, resulted in values either higher (0.0123-0.025 m/s) for polysulfone
'i

membranes or lower (5xl0‘ m/s) for polyethersulfone membranes demonstrating the 

importance of material selection on process control (Li et al., 1998). Even though the 

porosity of the polysulfone membrane was considerably lower than that of the 

polypropylene membrane used in the current study, still resulted in much higher mass 

transfer coefficients of about an order of magnitude.
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This is in agreement with previous studies carried out by Li et al., (1998) who reported 

that in the absorption of H2S from gas streams through a microporous hollow fibre 

membrane module, the transfer of H2S was solely controlled by the membrane 

resistance for gas velocities between the range of 1 m/s and 6 m/s, shifting the 

absorption process from gas phase to membrane resistance controlled. According to the 

authors, the membrane was reported to have the controlling resistance to mass transfer 

due to the low effective porosity of the membrane material (0.017). The membrane 

module used in this study operated at a lower range of gas flow velocities between 

7.55xl0 ' 3 m/s and 4.53xl0 '2 m/s, much lower than the work reported by Li et al., (1998) 

and an effective porosity of 0.4. The observed insensitivity to gas velocity could result 

from the reduction of the gas phase boundary layer to a minimum even at the lowest gas 

velocities investigated.

5.2.2.1 Mass transfer measurements -  Effect of liquid velocity

The impact of the liquid velocity on the system’s performance has been investigated. 

The average liquid phase velocity is defined by equation:

(5-5)
Ai

where, QL is the liquid flow rate in (m /s) and AL the liquid phase cross sectional area m 

(m2).

The mass transfer coefficient of H2S as a function of liquid phase velocity at various gas 

flow rates has been plotted. Experimental measurements were completed at two 

different liquid pH values (7 and 13). The overall mass transfer coefficient of H2S as a 

function of liquid average velocity at pH 7 and initial H2S concentration of 24 ppmv is 

shown in Figure 5.5. The analysis of the mass transfer data showed that increasing the 

liquid velocity a linear increase in the mass transfer coefficient was observed. K  values 

increased from 1.72xl0"5 m/s to 8.95xl0 ' 5 m/s at a given gas flow rate of 2xl0 ' 5 m3/s 

and inlet gas concentration of 24 ppmv. An increase of the initial concentration of H2S 

from 24 ppmv to 514 ppmv resulted in insignificant impact of the liquid phase velocity
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on the transfer process (Figure 5.6). For instance the mass transfer coefficient only 

changed from 1.92xl0'4 m/s to 2.31X10"4 m/s at a given gas flow rate of 2xl0'5m3/s. At 

relatively low pH values the effect of the liquid flow velocity on the mass transfer is 

strongly dependent on the initial gas concentration. The concentration effect on the 

system’s performance is extensively discussed in section 5.2.2.3.
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Figure 5.5 Mass transfer coefficient of H2S as a function of liquid velocity at various gas flow 

rates, initial H2S concentration of 24 ppmv and pH 7.
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Figure 5.6 Mass transfer coefficient of H2S as a function of liquid phase velocity at various gas 

flow rates, initial H2S concentration of 514 ppmv and pH 7.
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Subsequent experiments at pH 13 showed that the impact of the liquid flow velocity on 

the mass transfer coefficient was almost insignificant at higher pH values (Figures 5.7 

and 5.8). A slight variation on the mass transfer coefficient was observed at low liquid 

velocities for the various gas flow rates tested. Further increase of the initial H2S 

concentration from 514 ppmv to 1045 ppmv showed insignificant change in the mass 

transfer coefficient values as a function of liquid phase velocity.

For instance, at 514 ppmv, the overall mass transfer coefficient increased from 2.29x10' 

4 m/s at liquid velocity of 0.0119 m/s to a value of 2.3x1 O'4 m/s at liquid velocity of 

0.065 m/s at a constant gas flow rate of 2x10' m /s. A change in the concentration to a 

value of 1045 ppmv resulted in constant mass transfer coefficient at ~5.8xl0 '4 m/s under 

the same operating conditions. Hence, at higher gas concentrations the effect of the 

liquid flow velocity on the transfer process becomes insignificant. This could be due to 

the fact that the transfer of H2S is gas phase controlled neglecting any resistances in the 

liquid phase.
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a  Qg=1.67E-5 (m3/s) 
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Figure 5.7 H2S mass transfer coefficient as a function of liquid velocity at various gas flow 

rates, initial concentration of 514 ppmv and pH 13.
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Figure 5.8 H2S mass transfer coefficient as a function of liquid velocity at various gas flow 

rates, initial concentration of 1045 ppmv and pH 13.

The relationship between the residual gas concentration and the liquid flow rate is 

illustrated in Figure 5.9. For single pass through the membrane module, at relatively 

low pH (7.5) the residual gas concentration showed a logarithmic trend with respect to 

the liquid flow rate:

CG,ou,=abl{Ql.)+b (5'6)

A reduction in the gas flow from 2x1 O' 5 m3/s to 1.4lxlO ' 5 m3/s, decreased the 

magnitude of coefficient a according to a linear relationship from -4.9 to -2.1. This is an 

indication of the sensitivity of the process to liquid flow at higher gas flows (Table 5.3).

Table 5.3 Summary data of the logarithmic trend in Figure 5.9.

Qg (m3/s) a  (g/m3) b (g/m3) R2

1.41xl0’5 -4.9 35.8 0.98

1.58xl0’5 -4.2 30.3 0.98

1.7 5x10’5 -3.1 21 0.87

1.91xl0’5 -2 .8 19.3 0.92

2 x 10 ‘5 -2.1 14 0 .8
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When the system was operating at higher gas flow rates, a decrease in the outlet H2S
c  'J

concentration from 17 ppmv to 4 ppmv at a gas flow rate of 2 x 10 ' m Is was observed 

with increasing the liquid flow rate from 8.33xl0 '7 m3/s to 1.08xl0'5 m3/s. In contrast, at 

lower gas flow rates (Qg = 1.4lxlO ' 5 m3/s) the residual H2S concentration decreased 

from 7 pmv to 1 ppmv (Figure 5.9).
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a Qg=1.91E-5 (m3/s)  
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0 0.000004 0.000008 0.000012
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Figure 5.9 Residual H2S concentration as a function of liquid flow rate. Experimental 

measurements obtained at neutral pH and various gas flow rates.

The observed decrease in the residual gas concentration with increasing the liquid flow 

rate could result from the fact that H2S is sparingly soluble in the liquid phase and hence 

retards the process of mass transfer. In contrast, at high pH values, coefficient b present 

in equation (5.6) was very high indicating the large impact of the gas flow rate on the 

mass transfer without any barrier to transfer in the liquid phase.

5.2.2.2 Mass transfer measurements -  effect of gas velocity 

The average gas phase velocity can be derived according to the following equation:
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where, Qg is the gas phase flow rate in (m /s) and A0 the gas phase cross sectional area 

in (m2).

The mass transfer data revealed a linear relationship between the mass transfer 

coefficient and the gas phase velocity (Figure 5.10). An increase in the mass transfer 

coefficient with increasing the gas phase velocity was observed for all the liquid pH 

values tested.

The dependency of the mass transfer coefficient on the gas phase velocity was stronger 

at relatively high pH values. At pH 7 the value of K  increased from 5.42x1 O' 5 m/s to 

1.96x1 O’4 m/s at gas flows in the range between 8.33xl0‘6 m3/s and 8.33xl0 '5 m3/s 

respectively. At 9, higher K  values were obtained (between 6.37xl0‘5 m/s and 3.57xl0"4 

m/s), but still in the same order of magnitude to those obtained at neutral pH. The 

dependency of K  on the gas velocity was much stronger at pH 13 where values of an 

order of magnitude higher than those obtained at relatively low pH values were 

observed (2.4xl0 '4 m/s -  1.88xl0 ' 3 m/s). The impact of the pH on the relationship 

between gas velocity and mass transfer coefficient can be directly observed through the 

gradient of the fits (Figure 5.11).

The gradient of the linear regression of the overall mass transfer coefficient and the gas 

phase velocity showed an increase with changing the liquid pH. The data follow a trend 

similar to that of the dissociation of H2S (Figure 4.2). At relatively low pH values the 

change in the gradient was negligible and it only became significant beyond pH 9. The 

observed increase is the result of the dissociation reaction that occurs in the liquid 

phase. H2S is a weak acid that dissociates in water and any presence of OH" would 

enhance its rate of reaction. The large amount of OH" at high pH values could result in 

much faster chemical reaction and hence much faster transfer process. This is the reason 

of the sudden increase of the gradient beyond pH 9. It is the point that all the H2S 

present in the liquid has been converted to HS". Above pH 11 much smaller variation in 

the gradient as a function of pH is observed. This may be because in present study the 

overall mass transfer coefficients have been calculated in terms of H2S concentration,
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and at very high pH values (above pH 11) 

mainly as S2'.
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Figure 5.10 H2S mass transfer coefficient as a function of gas phase velocity at various alkaline 

pH values (pH 7 -  pH 13).
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Figure 5.11 Gradient versus pH describing the relationship between gas phase velocity and 

mass transfer coefficient.

The variation of overall mass transfer coefficient with the liquid pH at gas flow rates 

between 8.33xl0 ' 6 m3/s and 8.33xl0 ' 5 m3/s is shown in Figure 5.12. The overall mass 

transfer coefficient increased with increasing the liquid pH. At relatively low gas flow 

rates the variation in the K  values was much smaller compared with those obtained at 

higher gas flow rates for the same range of liquid pH values. For instance, at gas flow 

rate of 8.33xl0"6 m3/s the mass transfer coefficient of H2S increased from 5.42xl0'5 m/s 

to 2.4xl0 '4 m/s as the pH increased from 7 to 13 while much higher variation was 

observed at gas flow rate of 8.33xl0‘5 m3/s where the mass transfer coefficient changed 

from 1.96xl0‘4 m/s at pH 7 to 1.86xl0' 3 m/s at pH 13 respectively.

5.2.2.3 Mass transfer measurements -  concentration effect

At relatively low concentrations (24 ppmv) and neutral pH, the overall mass transfer 

coefficient varied from 2.35xl0 ' 5 m/s to 3.46xl0'5 m/s as the liquid flow velocity 

increased from 0.0059 m/s to 0.0297 m/s and thereafter it remained almost unchanged 

while the gas flow rate was kept constant at 2x1 O' 5 m3/s. When the initial gas
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concentration increased to 514 ppmv, the effect of the liquid flow velocity on the mass 

transfer became insignificant (Figure 5.13) with the mass transfer coefficient to remain 

almost constant to the value of -4x10' m/s at a given gas flow rate of 1.33x10' m /s 

and liquid velocity in the range between 0.0119 and 0.119 m/s. Measurements were also 

conducted at pH 13 (Figure 5.14). The mass transfer results showed that at high pH 

values the effect of the gas concentration on the mass transfer becomes insignificant.
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Figure 5.12 Mass transfer coefficient as a function of pH. Experimental results obtained at 

various gas flow rates.
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Figure 5.13 H2S mass transfer coefficient as a function of liquid phase velocity at pH 7 and 
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5.2.3 Membrane resistance

The relative impact of the membrane and the boundary layer resistances were evaluated 

using equation (2 .2 0 ) in order to determine the membrane mass transfer coefficient km. 

A membrane transfer coefficient of 0.14 m/s was calculated by taking manufacturer data 

of 40% porosity and a thickness of 15 /xm. The tortuosity of the membrane pores was 

assumed to impact significant resistance. The membrane coefficient was further 

calculated experimentally using the classical Wilson plot (Figure 5.15) and found to be 

in the range between 0.21x10' m/s and 14.3x10' m/s respectively.

The difference between the experimentally determined values resulted from Wilson plot 

and the ones evaluated using equation (2 .2 0 ) could be due to partial wetting of the 

membrane pores, which could result in a reduced membrane coefficient compared to the 

theoretical value, which assumes that the membrane operates under non-wetted mode. 

Moreover, the membrane substrate may contribute significant resistance to H2S transfer. 

To prevent partial wetting of the module the mean pore size of the membrane must be 

small. This is in agreement with previous studies on H2S transfer carried out by Li et al., 

(1998) in which a theoretical membrane coefficient of 1.07 m/s was obtained which is 

considerably higher than that evaluated experimentally (in the range between 0.0125 

m/s and 0.025 m/s).

Comparison of the experimentally determined values for the membrane coefficients in 

the current study with published information revealed a similar result (7.3x10' m/s) 

when a polypropylene membrane was used (Qi and Cussler, 1985). Table 5.4 compares 

the experimentally and the theoretically determined membrane coefficients with 

published information on different membrane materials.

It can be seen that the values of km obtained for the asymmetric polysulphone membrane 

modules were much higher than those obtained using the symmetric membrane made of 

polypropylene indicating the impact of the material selection on the mass transfer 

process.
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values in the range between 7 and 13.
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Table 5.4 Comparison of the membrane transfer coefficients with previous studies.

Type of membrane material km (m/s) Reference

Symmetric polypropylene 
(microporous)

0.0073 Qi and Cussler, (1985)

Symmetric polypropylene 
(microporous)

0.019 Kreulen et al., (1992)

Asymmetric polysulphone 
(microporous)

0.0125-0.025 Li et al., (1998)

Asymmetric polyethersulphone 
(dense)

1.07 Li et al., (1998)

Symmetric polypropylene 
(microporous)

0.0021-0.0143 Current study

Symmetric polypropylene 
(microporous)

0.14 Current study

As it has been mentioned in § 5.2.2.2, gas velocity has a strong impact on the rate of 

mass transfer. The mass transfer results showed some contribution of the membrane 

resistance on the total mass transfer resistance. The ratio of the transfer resistance 

caused by the membrane was compared to the total mass transfer resistance and a 

decrease was observed for all the gas phase velocities as the pH increases (Figure 5.16).

o uzs=0.059 m/s 
a uzs=0.119 m/s 
a uzs=0.238 m/s

6  8 10 12 14

pH

Figure 5.16 Membrane contribution on the overall resistance to mass transfer as a function of 

liquid pH at various gas flow velocities.
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For instance, at a constant gas flow velocity of 0.238 m/s the membrane contribution 

was 45% at pH 7 while a reduction to a value of 5.86% was observed at pH 13. 

However the contribution of the membrane resistance increases as a function of gas 

velocity such that as expected the membrane resistance contributes the major 

component of the total resistance at higher velocities. Overall, this contribution was 

more significant at relatively high gas flow velocities, shifting the control of the mass 

transfer process from the gas phase to the membrane resistance. This is in agreement 

with studies carried out by Li et al., (1998) which were conducted at much higher gas 

velocities and the membrane resistance was controlling the transfer process.

5.2.4 Prediction of mass transfer coefficients using empirical correlations

The overall mass transfer coefficient of H2S was also predicted using dimensionless 

correlations applicable in literature. The mass transfer data as a plot of Sherwood 

number versus Graetz number for all the liquid pH values tested are illustrated in Figure 

5.17. The slope of the straight line obtained from the plot of Sherwood number against 

Graetz number is the overall mass transfer coefficient of the system in its dimensionless 

form. Sherwood and Graetz numbers are derived as follows:

where, deq is known as equivalent diameter in (m) and D is the diffusion coefficient of 

H2S in (m2/s).

Sh = (5.8)
D

Gz = (5.9)
D x L

where, uz is the average velocity in (m/s) and L is the length of the membrane in (m).
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Figure 5.17 Sherwood number versus Graetz number variations for H2S absorption from H2S 

air mixture at various alkaline pH values (pH 7 -  pH 13).
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An increase in Graetz number due to the increase in the gas flow velocity results in an 

enhanced mass transfer coefficient as expected. The impact of the pH on the 

performance of the system was crucial. At relatively low pH values (7-9) the influence 

of the gas flow velocity on the mass transfer process was negligible. At higher pH 

values (10-13) the impact of the gas velocity on the mass transfer system becomes 

significant.

No dimensionless correlations describing the mass transfer of H2S through a HF 

membrane have been proposed previously but appropriate expressions have been 

published for air and carbon dioxide. Table 5.5 presents some of the correlations applied 

in membrane contactors for the prediction of the individual mass transfer coefficients. 

Using correlations applied in two different systems the individual mass transfer 

coefficients for the absorption of H2S through a hollow fibre membrane are calculated.

Table 5.5 Empirical correlations applied in membrane contactors for the prediction of 

individual mass transfer coefficients.

Condition Correlation Reference

Air on the shell side: no 
chemical reaction

Sh = 0.022Re°'6 Sc033 Sirkar (1992)

C 02 on the shell side: 
chemical reaction with 
OH'

Sh = 1.62Gz0'* Kreulen et al., (1993)

H2S on the shell side: 
chemical reaction with 
OH'

Sh = a(pH)Gzbipm 
or
Sh = a(pH)Gz

Current study

Sherwood versus Graetz number variations showed that the overall mass transfer 

coefficient of H2S is enhanced at relatively high pH values. The observed transfer 

enhancement results from the dissociation of H2S in water solutions. This is in 

agreement with previous studies on C 02 and S02, in which higher absorption rates were 

observed for S02 than those obtained for C 02. Even though C 02 reacts in water, the rate 

of transfer is several orders of magnitude slower than that of S02. Hence the transfer of 

S02 in water is enhanced by both solubility and chemical reaction (Karoor and Sirkar, 

1993). The experimentally predicted mass transfer coefficients were further compared 

with empirical correlations available in literature (Sirkar, 1992; Kreulen et al., 1993).
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The comparison of the current results with published reports showed that the empirical 

correlation derived by Kreulen et al., (1993) underestimates the experimental data while 

the Sirkar correlation overestimates it. This could be due to the fact that the 

experimental data obtained from the study of the absorption of H2S in a HF hollow fibre 

membrane does not comply with the hydrodynamic range over which the correlation 

was intended. For instance, at pH 13 Sherwood numbers in the range between 2.1x10' 

and 1.78x1 O' 1 were obtained at various gas velocities compared to the lower predicted 

values (2.33x 10'2-9.28x 10'2) calculated by the Sirkar correlation (Figure 5.18).

The experimental results were correlated according to equation (5.10):

where, a and b are coefficients and Re is the Reynolds number and is derived as:

w here,pis the density and p  is the viscosity of H2S in air. Application, of equation

the existence of a linear relationship between Sherwood and Reynolds numbers. In such 

case, equation (5.10) takes the form:

where, a is the coefficient of the simple linear correlation.

The dimensionless mass transfer coefficient resulted from the plot of Sherwood number 

against Graetz number at pH 13 is represented by Figure 5.19.

The equation used to correlate the experimental data of Figure 5.19 was of the form:

Sh = aR eb (5.10)

(5.11)

(5.10) gives values for exponent b ~ equal to 0.999 which is very close to 1 indicating

Sh = a Re (5.12)

Sh = aGzb (5.13)

where, Gz is the Graetz number and is given by equation (5.9).
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Figure 5.18 Sherwood number as a function of Reynolds number for H2S absorption in a 

microporous HF membrane. Comparison with empirical correlations applied in 

membrane contactors (Sirkar, 1992)
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Figure 5.19 Sherwood number as a function of Graetz number for H2S absorption in a 

microporous HF membrane. Comparison with empirical correlations applied in 

membrane contactors (Kreulen et al., 1993).

124



Membrane gas absorption: Experimental results and discussion

In the present study the value of exponent b was found to be very close to unity. Hence 

linear regression would best fit the experimental data. Hence, equation (5.13) takes the 

form:

Sh = a'Gz (5.14)

The values of the coefficients a and b resulting from equation (5.13) are given in Table 

5.6 while the values of the coefficient a of the simple linear correlation are given in 

Table 5.7 respectively.

Table 5.6 Summary data of coefficients a and b resulting from power correlation derived from

equation (5.13).

pH Coefficient a Coefficient b R2

7 0.1781 0.9009 0.9988

8 0.3197 0.9303 0.9998

9 0.4619 0.9585 0.9997

10 0.5646 0.9689 0.9997

11 0.7194 0.9862 0.9998

12 1.907 0.997 1

13 1.9007 0.9652 0.9994

Table 5.7 Summary data of coefficient a resulting from the simple linear correlation derived

from equation (5.14).

pH Coefficient a R2

7 0.1971 0.9961

8 0.3447 0.9993

9 0.4916 0.9999

10 0.5781 0.9985

11 0.7357 0.9994

12 1.9156 1

13 1.9928 0.9999
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It is observed from the above results (Tables 5.6-5.7) that the fit of the simple linear 

equation is equally good with equation (5.13) that follows a power trend. Hence, linear 

regression was chosen to describe the experimental results.

Correction of the original correlation to fit the experimental mass transfer data has been 

achieved by adjusting coefficient a ’in the Graetz expression derived using equation 

(5.14). Appropriate fits were achieved when coefficient a increased from 0.1971 to 

1.9928 as the liquid pH increased from 7 to 13 (Figure 5.20). The trend of coefficient a 

demonstrates an exponential fit of the form:

a = 0.014e°'385̂  (5.15)

The values of the coefficients describe the dependency of the gas phase hydrodynamics 

on the mass transfer process. At relatively low pH values the value of the coefficient is 

relatively small compared to those obtained at higher pH values demonstrating no 

significant effect by changing the gas flow velocity.
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1

0
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Figure 5.20 Variation of the dimensionless number correlation coefficient as a function of 

liquid pH.
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5.3 MGA experimental results with recycle

H2S absorption was also studied where a recycle stream was introduced into the system. 

No study for H2S transfer through a membrane module with recycle has been proposed 

previously. The situation is different than that of single pass H2S absorption.

5.3.1 H2S removal

In contrast with single pass H2S absorption where a steady state value of H2S 

concentration was obtained within five minutes, in H2S absorption with recycle, longer 

time was required for the system to reach a steady state value. The variation of the 

outlet H2S concentration over time is illustrated in Figure 5.21 and the impact of the pH 

on the performance of the system has been studied. An increase in the outlet gas 

concentration over time has been observed for all the pH values tested. At neutral pH, 

H2S concentration increased from 25 ppmv to a maximum of 50 ppmv over a period of 

75 minutes.
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Figure 5.21 Outlet H2S concentration in the gas phase as a function of time at pH 7.
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At pH 8 , a period of 240 minutes was required for the system to reach a maximum 

concentration of 50 ppmv (Figure 5.22).
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Figure 5.22 Outlet H2S concentration in the gas phase as a function of time at pH 8 .

Experimental measurements of the outlet gas concentration were also carried out at 

higher liquid pH values. At relatively high pH values (9-10) a slow down in the 

variation of the gas concentration was observed compared to those values obtained at 

lower pH values. The results of the outlet H2S concentration as a function of time at pH 

9 are presented (Figure 5.23).

As with single pass membrane gas absorption, the removal efficiency of H2S in the case 

that a recycle is involved depends on the initial water chemistry. At gas flow rate of 500 

mL/min and liquid flow rate of 150 mL/ min, the average removal efficiency of H2S at 

pH 7, 8 , 9, and 10 was 58, 68.7, 79.2 and 95.2 % respectively (Figure 5.24).

The removal results showed that the removal efficiency decreased as a function of time 

as the pH increased from 7 to 10 (Figure 5.25). For instance, at pH 10 the removal 

efficiency of H2S remained above 95% for the period of 1500 minutes and then 

decreased such at a time t = 2190 minutes the removal efficiency was 73%.
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Experimental measurements were taken at constant pH using a buffer solution. The 

results of the H2S concentration as a function of time at pH 9.5 are illustrated in Figure 

5.26.
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Figure 5.23 Outlet H2S concentration in the gas phase as a function of time at pH 9.
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Figure 5.24 % H2S removal efficiency as a function of pH.

129



Membrane gas absorption: Experimental results and discussion

100

EQJ
"ru
§
E£
tofM
X

5 5

4 0

♦  pH 7

►

♦
♦

♦
<► ♦

2 0  4 0

T im e (m in s)

60 8 0

fc0)
5
E<L)
torg
X

100

8 0  -

6 0  -

4 0

♦ ♦ ♦
♦ ♦ ♦

♦  ph 8

♦
. . . . 4.4i ______

----------- -----------

♦
♦

% ♦

---------- ----------

0  5 0  1 0 0  1 5 0  2 0 0  2 5 0  3 0 0

T im e (m ins)

100

8 0

6 0

4 0

20

-  ♦ p H  9  ____
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Figure 5.25 % H2S removal efficiency as a function of time at liquid pH values in the range 

between 7 and 10.

1.2

0.8
>
E
Q .
Q .

to U 0.4

100 200 300
Time (mins)

400 500

Figure 5.26 Outlet H2S concentration in the gas phase as a function of time. Experimental 

measurements taken at constant pH 9.5 using a buffer solution.
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Gas phase data revealed a decrease in the residual gas concentration over time when a 

buffer solution was used. Adjusting the pH to a constant value of 9.5 a decrease in the 

residual concentration from 1.2 ppmv to 0.001 ppmv was observed after 405 minutes of 

operation. This is an indication of the strong impact of the initial water chemistry on the 

system’s performance.

Addition of sulphide into the initial water solution would result in reduction of the 

initial pH and hence increase in the outlet gas concentration. By keeping the pH 

constant throughout the process a reduction in the outlet gas concentration was observed 

and hence higher H2S removal was achieved (Figure 5.27).
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Figure 5.27 % H2S removal efficiency as a function of time at constant liquid pH 9.5.

The experimental data were presented in terms of the time cycle versus the initial pH 

(Figure 5.28). At neutral pH the time required for the system to reach a maximum 

concentration of 50 ppmv was 75 mins. At higher pH values longer periods of time 

were required for the system to reach the maximum concentration.
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Figure 5.28 Time cycle as a function of the initial water pH

Overall, the introduction of the recycle stream into the system resulted in retardation of 

the transfer process as expected. The observed retardation is due to the presence of 

sulphide in the liquid phase. The mass transfer enhancement that occurs at relatively 

high pH values results from the dissociation of H2S in alkaline solutions. The addition 

of sulphide in the liquid reduces the pH and hence the removal efficiency resulting in 

much slower mass transfer process. This is clearly shown from the experimental 

measurements taken at pH values between 7 and 10. For instance, operating the system 

at gas flow rate of 8.33xl0‘6 m3/s and liquid flow rate of 3.33xl0’6 m3/s, pH reduction 

from 7 to a value of 6.47 was observed.

Operation of the system at higher liquid pH values resulted in further pH reduction. A 

drop in the initial water pH from 10 to 7.81 was observed under the same operating 

conditions. The difference in the system’s performance results from the amount of acid 

present in the liquid phase. Unfortunately, only limited data were available from the 

experimental measurements due to the sensitivity of the Jerome 631-X H2S analyser at 

high gas concentrations.

132



Membrane gas absorption: Experimental results and discussion

5.4 MGA versus conventional equipment -  comparison with 

literature

Conventional absorption processes are based on contacting the gas mixture with a 

scrubbing solvent in packed or spray towers. Membrane based gas absorption using a 

microporous hydrophobic material presents many advantages over these conventional 

technologies and have been demonstrated for a number of duties. This study describes 

some of the key aspects between the different types of odour treatment systems. A 

membrane gas absorber and an activated sludge system are used as characteristic 

processes for chemical and biological treatment of odorous gases.

The comparison of the different technologies revealed that both chemical and biological 

processes can effectively remove H2S (Table 5.8). In chemical systems (membrane gas 

absorber, chemical scrubber) the impact of the pH on the systems performance is 

crucial. For instance, treating lOOppmv H2S in a membrane gas absorber, an increase in 

the removal efficiency of H2S from 52% to a stable > 95% was observed as the pH 

increased from 7 to 9. Similar results have been obtained for packed towers where the 

highest efficiency was obtained at pH values above 12.5 (Card, 2001).

Table 5.8 Comparison of the mass transfer data obtained from experiments and literature.

Technology Inlet gas conc‘n 
(ppmv)

pH K$a xlO-4

(s'1)
Efficiency

(%)
Chemical

Chemical scrubber 11 12 2890 94

Membrane gas 24 7 113 52
absorber 2 0 0 0 12 3600 99

Biological

Biofilter 45 7 714 95
6.5 7 1044 97

Activated sludge 25 7 5.3 99
diffusion 75 7 17.1 99

Physical

Adsorption 0 .0 2 n/a 536 97
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The membrane gas absorber offers higher K<ja values compared to those obtained for 

chemical scrubber for the various pH values examined. The enhanced coefficient is not 

the result of a higher mass transfer coefficient, K g as it is usually the same or slightly 

lower than those obtained in traditional dispersive contactors. Instead the difference is 

accounted by the increased interfacial area available within membrane systems which 

remains constant with changing the operating conditions or the fluid physical properties. 

Reported comparisons indicate that membrane systems can provide up to 30 times the 

transfer area achievable in ordinary gas absorbers (Cussler, 1994). This difference is 

sufficient to overcome any additional resistance encountered by the presence of the 

membrane and results in a higher overall absorption coefficient.

In contrast, biological systems do not operate over a wide range of pH values due to the 

requirements of the bioreactor. Gas absorption coefficients reached a maximum of 

17x1 O'4 s' 1 in the activated sludge diffusion system but still were lower than the 113x10' 

4 s' 1 obtained in the membrane scrubber. In contrast mass transfer coefficients for the 

activated sludge process were fairly stable with pH at c0.0007 m/s as compared to the 

membrane systems at c0.0002-0.0004 m/s. The main differences between the two 

groups of technologies (biological or chemical) relates to operational constraints and the 

type of reaction that occurs in the liquid phase.

In chemical based systems, such as the membrane or the packed bed scrubber, the 

sulphide is removed by a chemical reaction either as a simple dissociation reaction or a 

more complex oxidation step. In either case, the pH of the liquid phase is crucial in 

determining the performance of the system. The observed transfer enhancement relates 

to the dissociation of H2S that has been discussed in detail in Chapter 4. Above pH 9 the 

sulphur exists mainly as HS' and as the pH increases (12.89) the sulphur exists as S2\  

Consequently, at high pH values no H2S builds up in the liquid phase enhancing the rate 

of mass transfer. The operational result of this is that both concentration and liquid 

phase velocity have negligible impact on the transfer rate. Instead the transfer rate is 

highly dependent on the gas phase velocity.

The experimental results were compared with biofilter information taken from several 

sites (Table 5.9). The different options were compared in terms of the gas absorption 

coefficients (Kaa). K g is the overall mass transfer coefficient in (m/s) based on the gas 

phase and a is the specific interfacial area available for mass transfer in (m2/m3). A
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small Kca value would result in a less efficient process while a large Kca in a more 

efficient and desirable process.

Table 5.9 Mass transfer information for the different technology options available for odour

abatement.

Site Technology CGin

(mg/L)
C Gout

(mg/L)
2 ,

(m3/h)
Volume

(m3)
Kca
(s’1)

A.l Biofilter 0.09 0.0044 802 35 0.0192

A.2 Biofilter 0.04 0.0018 2309 60 0.0332

A.3 Biofilter 0.09 0.0044 7905 90 0.0736

A.4 Biofilter 0.01 0.0007 10170 350 0.0215

A.5 Biofilter 0.01 0.0003 1500 14 0.1044

A .6 Biofilter 0.08 0.0042 1893 29 0.0534

A.7 Biofilter 0.07 0.0036 2773 32 0.0714

A .8 Biofilter 0.09 0.0046 723 25 0.0239

B.l Adsorption 0 .0 2 0.0006 33 0 .6 0.0536

B.2 CIF and 
Adsorption

0.03 0 .0 0 1 0 2227 16 0.1315

Experimental measurements in the MGA resulted in much higher Kca values when 

compared to the conventional technology options described above. Gas absorption 

coefficients were calculated at various alkaline pH values (Figure 5.29). The enhanced 

efficiency results from the large interfacial area which remains unchanged with changes 

in operating conditions.

The observed increase in the Kca with increasing the pH from 7 to 13 results from the 

dissociation of H2S in alkaline environment that has been studied in detail in Chapter 4. 

Direct measurement of the H2S absorption coefficient through a series of experiments in 

an activated sludge diffusion system revealed values of 0.039 s' 1 and 0.058 s"1 for the 

coarse bubble and fine bubble reactor configurations tested. In contrast much greater 

variation was observed for the equivalent experiments with oxygen such that absorption 

coefficients of 0.0047 s' 1 for the coarse bubble tank and 0.0109 s' 1 for the fine bubble 

reactor were obtained. The importance of such findings relates to the mass transfer 

modelling where oxygen absorption coefficients have often been used as a method of
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measuring surrogate for VOCs or H2S. Traditionally, these are related through the ratio 

of the diffusivities of the two compounds in water. Attempts to model H2S removal in 

activated sludge based on such an approach have been unable to predict removal 

efficiencies measured in both fine and coarse aeration systems (Table 5.10).

3 -

6 8 9 10 147 11 12 13
pH

Figure 5.29 H2S absorption coefficient (KGa) as a function of pH. Experimental studies on 

MGA.

Table 5.10 Comparison of transfer performance of H2S and 0 2 measured in the activated sludge

system.

System Kca (H2S) 
(s-1)

KLa (0 2) 
(s'1)

H2S removal 

(%)

Model predictions 
(Barbosa et al, 2002)

Coarse deep 0.039 0.0047

Coarse
shallow

- 0 .0 0 1 2 85 12-14

Fine deep - 0.0093 94 99

Fine shallow 0.058 0.0109

The difference in the two sets of data relates to the controlling phase of mass transfer 

such that surrogates should be only used if  they are mechanistically similar. 

Consequently, the use of oxygen coefficients are suitable when modelling VOC
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treatment (both liquid side controlled) (Bielefeldt et al., 1997) but inappropriate for H2S 

(gas phase controlled) where the transfer coefficients must be measured directly.
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6 Mass transfer model development

6.1 Introduction

In this chapter the development of a mass transfer model describing the absorption of 

H2S and its mixtures in air by water solutions is studied. The tools for interpreting the 

experimental results will be developed. Models describing the absorption of H2S as 

physical transport or reactive absorption, either when pure H2S or a mixture of H2S is 

involved are proposed and their numerical solution procedures are presented. Finally, in 

the last § 6.9 the implementation of the mass transfer model is given.

6.2 Background

The model describes the mass transfer of H2S from gas streams through a hollow fibre 

membrane module. H2S flows counter-currently to the liquid H2O running in the tubes 

of the membrane. Absorption determined by mass transfer in the liquid phase has been 

described well using the Graetz-Leveque equations adapted from heat transfer 

(Skelland, 1974). The original analysis of heat transfer has been recalculated and 

extended by many investigators including Drew (1931) and Jakob (1949). The 

application of the method has been successful with physical absorption. Absorption 

determined by mass transfer in the gas phase and in the pores of the membrane has also
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been analysed (Li et ah, 2000); the contaminant gas flows through the porous non

wetted fibres while the liquid phase forms at the shell of the contactor.

However, the Graetz-Leveque method can not be applied in mass transfer problems 

where the gas flows under laminar conditions through the fibres of a membrane module, 

due to variations in the concentration along the length of the fibre. The concentration at 

the wall is influenced by the mass transfer resistance in the porous structure of the 

membrane and the varying flux along the fibre axis.

The membrane module used in this study, operates as a gas absorber with a design 

similar to that of a shell and tube heat exchanger. Random arrangement of the fibres is 

observed compared to that of the regularly pitched tube in heat exchangers (Karoor, 

1992). Separation of the hollow fibres is achieved by the formation of a thin film of gas 

or liquid depending on the fluid flowing on the shell side. The thickness of the film 

depends on the packing density (Karoor, 1992).

Several modes of operation are possible for the absorption of waste gases from gas 

streams based on the above configuration. In literature, the membrane material is often 

referred as hydrophobic or hydrophilic (Yang and Cussler, 1986). Therefore the 

distinction between the different modes of operation (wetted or non-wetted) is made 

instead of hydrophilic and hydrophobic. In the wetted mode, the pores are filled with 

liquid and thus a stagnant liquid layer is formed between the free gas and the liquid 

phase. In contrast, non-wetted mode of operation is characterised by the presence of a 

stagnant gas layer between the two phases. Two types of flow situations can be 

considered, (a) liquid flow in the tube side of the module, (b) liquid flow in the shell 

side (Karoor, 1992). Skelland, (1974), stated that the entry effect is of major importance 

in mass transfer in a tube with the liquid flowing in the tube side. In hollow fibre 

membrane modules due to the large length to diameter ratio the entry effect 

(z = 0)might be neglected (Skelland, 1974). The velocity profile is considered to be 

parabolic resulting from the low values of Reynolds numbers applied.

In cases where liquid flows in the shell side of the membrane module the situation is 

complicated and not well defined. Ideally, since liquid flows in the shell, it should 

surround all the fibres flowing out of the membrane. In practice, this is highly 

dependent on the packing density of the module, allowing or preventing contact 

between the liquid and the fibres (Karoor, 1992). The flow of the liquid in the shell side
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of a module has been studied by several researchers. According to Happel, (1959) a 

cylindrical flow envelope forms at the shell side surrounding each fibre. Sparrow and 

Loeffler, (1959) described flow through cylindrical rods arranged in a regular array. In 

later research, Sparrow et al., (1961) concluded that the interaction between the tubes is 

insignificant when the space between the tubes is very small. Their work was continued 

by Schmidt, (1966) who further considered the effect of the shell wall.

In all studies described above, the effect of the varying fluid distribution around the tube 

bundle as by-passing has not been considered (Karoor, 1992). In the current study, the 

shell side velocity profile is characterised by Happel’s free surface model (Happel, 

1959). The same model has been successfully applied in analysis of hollow fibre based 

reverse osmosis (Gill and Bansal, 1973) and the analysis of a hollow fibre membrane 

gas absorber (Karoor, 1992).

This chapter describes the development of a theoretical model for the absorption of 

hydrogen sulphide using a microporous membrane module. Non-wetted mode of 

operation is used with the gas flowing on the shell side of the module under all 

operating conditions. The system studied includes absorption of pure H2S and H2S-air 

mixtures respectively. In most cases the liquid absorbent used is pure water. The 

absorption process is simulated for each case with a numerical model for species 

transport where chemical reaction is involved. Considering that the absorbent is 

introduced into the tube side of the module, the instantaneous reaction of the H2S with 

the absorbent takes place at the inner wall of the hollow fibre. The hydrodynamic state 

of the gas and the liquid flow must be considered resulting from much smaller mass 

transfer resistances in the turbulent rather than in the laminar regime. In a microporous 

hollow fibre membrane contactor laminar flow is usually considered because of the 

small fibre diameters and the small distance between the fibres (Kreulen et al., 1993).

6.3 Governing equations v

The differential equation describing the axial and radial distributions of concentration of 

component i in a hollow fibre membrane system for constant diffusion coefficient and 

density, is derived by equation (6.1) (Skelland, 1974). Considering a fluid in laminar
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flow through a cylindrical tube, where component i, is being transferred from the tube 

walls and wall concentration, Ciw the concentration of i is denoted by C{ = / (z, r) and

the mass balance of i can be written with reference to the annular differential element of 

volume 2w  dr dz as shown in Figure 6.1.

The flow rate of i into the volume element is

2  Ttrdrn- + 2n
(

rn. +
d(rnir)

\ dr
dr \dz (6.1)

The flow rate of i out of the volume element is

/
2wdr

dn.
n. + — — dz + Iw n .d z  

V “ dz J
(6.2)

The rate of accumulation of i in the volume element is

2?irdrdz dCi
dt

(6.3)

Tube

d v  7 
v  + -— dr

u H----- dz, C• +
r + dr

Tube z + dz

Figure 6.1 Concentration profile of component i, entering the liquid from the walls of the tube 

(Reproduced after Skelland, 1974).
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Where:

nlr = D ^ — uCiir /-\ i
8r (6.4)

n. = -D  — L + uCi 
dz

The rate of flow in equals the rate of flow out plus the rate of accumulation:

8nh | SC, _  1 d(mir)
dz dt r dr

(6.5)

The equations above can be combined and the indicated differentiations performed to 

give

dCt d q  dC, _
U  1"  V  1-----------------------1"  C;

dz dr dt
( du v  do_|  ̂.

dz r dr
= D

82C, 1 8C, 82C,
 ~ +    +  L
dr2 r dr dz2

(6.6)

dC
At steady state conditions— L = 0. For a constant density, equation (6 .6) shows the

dt

quantity in the parenthesis on the left side of equation (6 .6) to be zero therefore, 

equation (6 .6 ) transforms to equation:

dCt dCt
u — - + v — - = D 

dz dr
(d 2C, 1 8C, d 2C; 'l

   +  ~ +-----
dr2 r dr dz2

(6.7)

d2C.
If axial diffusion can be neglected, — ^  = 0 and
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The above assumption is valid since the flow velocity in the tube side is generally 

expected to be greater than the axial diffusion. At points sufficiently far from the tube 

entrance the velocity distribution is fully developed, so that d = 0. In this case,

u — - = D
dz

r d2c : i a c ,A
+ ■

dr r dr
(6.9)

Based on the above assumptions the mass transfer equation of species i is defined as:

dC; ^  ( d2C, 1 dC,
u — L = Df 

z dz
L + — 

dr1 r dr
(6.10)

6.4 Velocity profile distribution

6.4.1 Shell-side velocity profile

The shell side velocity profile can be characterised using Happel’s free surface model 

(Happel, 1959). The model assumes that there is no fibre-fibre interaction as each fibre 

is surrounded by a fluid envelope with boundary the free surface across which no mass 

is transferred. The fractional volume of the liquid in the envelope bounded by the free 

surface is equivalent to the ratio of the fluid volume to the total volume in the shell side 

of the module. According to Happel, (1959) the model can be applied only in cases 

where the packing fraction of the hollow fibre is below 0.5. Gill and Bansal, (1973) 

added that in the case that the hollow fibre module is arranged in a regular pitch, 

analysis based on a single fibre can be extended to the whole device. The idealised form 

of a single hollow fibre membrane module within the free surface envelope is described 

in Figure 6.2.
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Free surface

Shell-side gas flow

z Tube-side

Liquid flow.

////////////A

Shell-side gas flow 

 L ----------
z = 0 z = L

Figure 6.2 Schematic representation of the free surface model (Reproduced after Gill and 

Bansal, 1973).

Based on Happel’s model, Karoor, (1992) studied the relationship among re> rQ and the 

total number of fibres (N/) all expressed by equation (6.11) below:

r 2 =
N 4

(6.11)

where, rs is the shell-side radius of the hollow fibre. The outer radius of the free surface 

is derived as:

1/2

(6.12)

where,

(1 -  s ) = Shell side packing fraction of the follow fibres (-) 

s  = Shell side void fraction of a fluid free hollow fibre module (-) 

r0 -  Outside radius of the hollow fibre (m)
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The void fraction of the hollow fibre is given by equation:

(1 - * )  N f rl

The axial shell-side velocity uzs is derived by the following governing equation:

(6.13)

\d _  
r dr

du, A

d r  'J

1 dP„
f t  dz

With the boundary conditions:

(6.14)

du
atr = r ,— s- = 0

e dr
(6.15)

at r = r„,ua = 0 (6.16)

When the flow is in the positive z-direction equation (6.14) is solved using the above 

boundary conditions, to yield equation (6.17) below:

uzs(r) = - z s 1

dz

1

"
3

-

-  r 2 + r02 + 2 re2 In
r \

v r o y

(6.17)

Integrating this equation over the shell, the average velocity on the shell side is 

obtained:

(“= ) = -
dP_.

dz 8f t  b 2 - 4  )
3 r / - \ - 4 r 02 +4re2 l n ^  

r  r
(6.18)

Using the definition of the average velocity, the velocity profile on the shell side is 

defined (Gill and Bansal, 1973):
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UA r) = 2(Uz,)  1
KreJ \.reJ r

(6.19)/  \ 4 /  \ 2
V '  3+ — - 4  —

r: ( kV e )  \ J e )

6.4.2 Tube-side velocity profile

For flow in the tube side, fully developed parabolic velocity profile is assumed. In such 

case the radial velocity component u and the gradient of the axial velocity 

Bu
component— are negligible. The axial velocity component depends only

onr,u(x,r) = u2t. The radial dependence of the axial velocity may be obtained by

solving the appropriate form ofx-momentum equation (Bird et al., 1960).

In the fully developed region, the net momentum flux is equal to zero. Hence, the 

momentum conservation requirement reduces to a simple balance between shear and 

pressure forces. The force balance for an annular differential element is expressed by:

dx

(6.20)

This reduces to,

(6.21)

According to Newton’s law of viscosity,

(6.22)

Substituting equation (6.22) into (6.21) above yields,
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// d 
r dr

' r ^ L
I  dr ,

dp«
dx

(6.23)

Since the axial pressure velocity is independent of r, equation (6.23) is solved by 

integrating twice to give:

du. 1 f  dpu  ̂~ 2

dr dx j + Q

u z,(r) =
dPzAr
dx j 2

— In r  + C,

(6.24)

(6.25)

The integration constants can be determined using the following boundary conditions,

u ( r 0 ) = 0
du

dr
= 0

(6.26)

r = 0

which impose zero slip at the tube surface and radial symmetry about the centreline. 

Thus,

1 ( dp2
4 f t y dx j

1 -
f  \ 2 r

V r o /

(6.27)

Therefore, the velocity profile in the laminar region is parabolic. 

The mass flow rate is defined as:

m = | pu(r,x)dAc (6.28)
Ac

Substitution of equation (6.28) into equation (6.27) yields,
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("»)
\Acpu(r,x)dAc 2np r* , s , 2 r o , , ,

= —------------------- = — —  I u{r,x)rdr = —  I u(r,x)rdr
rAc p7ir0 ^ rQ ^

(6.29)

and integrating results,

(“» ) = -
fp dpz, 
8 // dx

(6.30)

Substituting equation (6.30) into equation (6.27) above, the velocity profile in the 

laminar region is defined:

u.
=  2 1 -

Vro J
(6.31)

giving,

U *  = 2 {U z t ) 1 -
( Vr

Vro j
(6.32)

6.5 Pure H2S absorption concentration profile

In this section the absorption of pure H2S is studied. There are two main areas of 

interest, H2S absorption as a physical process and the reactive absorption of H2S 

respectively. Although an introduction to H2S absorption in water as a physical process 

has been made in previous studies (Li et al., 2001) there is limited information on the 

reactive absorption of H2S in alkaline environment.

For pure gas absorption, the resistances in the gas and membrane phase could be 

neglected. In the current study, non-wetted mode of operation is considered and in all 

cases liquid absorbent is flowing on the tube side assuming counter-current flow. The
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absorption of pure H2S under non-wetted mode of operation is illustrated in Figure 6.3. 

H2S diffuses through the membrane pores, and is finally absorbed in the liquid.

Pure H?S - filled membrane 
/             _

/Pure H2S

/ Shell side

l v r y n  n  n  n
h 2o

i=l
Tube side

z ►

j-N

-H 2 S ,L ' -H 2S,w

^ 'ms,L 
dr

=0

Figure 6.3 Schematic of the flow configuration for pure H2S absorption in water flowing inside 

the fibre: non-wetted mode of operation (Reproduced after Karoor, 1992).

6.5.1 Physical absorption

Physical absorption from a gas through a porous membrane in a liquid takes place in 

three steps. Mass transfer from the gas phase to the membrane wall, transfer through the 

stagnant gas in the membrane pores and finally mass transfer from the membrane/liquid 

interface into the bulk of the liquid. In the case of pure gas absorption the gas phase 

resistance could be neglected due to the large permeability of the membrane which 

could be enough to supply gas at the interface. This section discuses the physical 

absorption of H2S in water. This is true at very low pH (1-3.5), where the value of the 

equilibrium constants is very low for both dissociation reactions resulting in negligible 

formation of HS' (Hinz and Wallin, 1999). The absorption of H2S either as a simple 

mass transport process or a chemical process is illustrated in Figure 6.4.

In order to derive the design equations for the absorption of pure H2S in water, the 

following additional assumptions are made:

• Negligible axial dispersion in the tube side
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• Fully developed parabolic velocity profile in the tube side

• Ideal gas behaviour

• Applicability of Henry’s law

• Steady state and isothermal condition

1.2

hs;1.0

in 0.8

Reactive
absorption

Physical
absorption

0.4

it 0 .2

0.0
6 8 100 2 4 12 14

pH

Figure 6.4 Schematic of the absorption process of hydrogen sulphide.

The first assumption is valid since the velocity distribution in the tube side is generally 

greater than the axial diffusion. The second assumption is valid for Reynolds numbers 

that do not exceed 2100. This is actually true for membrane contactors resulting from 

the small size of the fibre diameter. Henry’s law is also applicable in such system since 

very low pressures are used (less than 2bar) (Carroll et a l, 2001). For isothermal

dCconditions and steady state operation, the term—  = 0 .
dt

Based on the above assumptions, the general form of the conservation equation for the 

absorption of H2S in the membrane and liquid phases is given by differential mass 

balances where either diffusion (membrane phase) or diffusion and forced convection 

(liquid phase) in a medium that flows under laminar conditions through a tube are 

described (Figure 6.5). The conservation equation describing the concentration profile 

in the membrane phase is given by:
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A i,M

(d2c  1 dC ^U  i,M  t 1  i,M

dr2 r dr
= 0  (rt < r< r0) (6.33)

The termDi M is the membrane phase diffusion coefficient and is defined as:

A  nS
Di,M ~

i,G (6.34)

where, t is the tortuosity of the membrane pores and Di G is the diffusivity of 

component i in the gas phase.

r

Gas

Figure 6.5 Coordinate system in microporous hollow fibre membrane module (Reproduced 

after Kreulen et al., 1993).

At the membrane phase the following boundary conditions are applied along with the 

membrane equation:

At the outer wall of the membrane module:

r  =  r o ’ C i,M = C i,G  ( 6 - 3 5 )

At the inner wall of the membrane:
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r  =  r <’ C i,M  =

a i,L

H
(6.36)

At the membrane phase, flux continuity is valid at the boundaries described above 

giving:

dC;„ _ DC;
r  — r  T) -------—  =  f )
'  o * i,M  3

i,G

dr i,G dr
(6.37)

r = r, ’Dt,M
SC,„ _ dC,'i,M

dr
D; i.L

i,L dr
(6.38)

Equation (6.33) is solved with the boundary conditions described in equations (6.35) to 

(6.38) giving the gradients at r = rt and r = r0 as:

SC y
dr 'i,G H  J D il \b irc

(6.39)

SC,i,G
dr C>,a ~ A.o [in ';  -  In

(6.40)

The conservation equation that describes the concentration profile in the liquid phase is 

given by equation

dC,i,L
z,tube dz

= D;i,L
( \ s c ,£ + s 2c , ^

dr
(6.41)

Where A  is the diffusion coefficient of component i and Qm and Qjl describe the 

concentration of H2S in the tube side membrane or liquid phase. The liquid phase 

conservation equation is solved along with the following boundary conditions:

1. At the centre of the hollow fibre, because of symmetry:
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3CiL /  \r = 0 ,— — (0,z) = 0 (0 < z < L)
dr

(6.42)

2. Since pure H2S of known pressure flows in the shell-side of the membrane 

module, its concentration at the wall is a known parameter.

where Q w is the product of Henry’s law constant and the gas phase concentration an 

extensive discussion of which is given in § 4.3.1.

The inlet condition for H2S in the liquid phase is also known and is given by the 

following equation:

The differential equation described the concentration profile of pure absorption of H2S 

in water has been applied previously for the solution of heat transfer problems. Graetz, 

(1883) studied heat transfer in laminar flow through a circular tube. His study was 

further extended by Leveque, (1928) and Jacob, (1949).

6.5.2 Reactive absorption

Mass transfer through a membrane as a physical absorption process has been studied 

previously (§ 6.5.1). In this section a reactive case is considered. The specific study 

under consideration is the absorption of pure H2S in water solution. When H2S is 

absorbed in water (pH range between 4 and 13), it dissociates according to equations:

r  ~  r t u b e  ■> C i , L  ( r > z )  —  Q . f r  —  H C , g (6.43)

z = 0,CiL(r,0) = 0 (0 < r < rt) (6.44)

H 2S  + H 20  o  H ,0 + + HS~ Ke = 1 .OE-7 moles/L (6.45)

HS~ + H 20  «-> H 30 + + S 2~ Ke = 1.3E-13 moles/L (6.46)
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An extensive discussion of the chemistry and the reaction kinetics of H2S in alkaline 

environment is given in Chapter 4.

In the hollow fibre module used the liquid absorbent flows on the tube side of the 

membrane while the contaminated gas (H2S) passes through the fibre lumens. As with 

physical absorption all studies were carried out in non-wetted mode of operation. The 

primary reason for such an operating mode results from the fact that since the usual 

physical absorption processes are limited by mass transfer rates in the liquid phase, 

mass transfer coefficients in the range between 10‘5 and 1 0 '4 m/s are observed. 

Introducing the additional mass transfer resistance of the non-wetted membrane (several 

orders of magnitude smaller than that of the liquid), would neglect the effect of the 

overall mass transfer coefficient. As the test contaminant is pure H2S of known 

concentration, the resistances in the gas phase could be neglected. In the liquid phase 

H2S reacts with water and both H2S and HS' are present. In this case the conservation 

equations (6.33) and (6.41) are still valid. Since the reaction of H2S in water is 

instantaneous mass transfer occurs at the gas liquid interface and therefore satisfies the 

following boundary conditions:

At the centre of the tube equation (6.42) is still valid. Resulting from the symmetry with

1 dCiL
respect to the origin, the te rm  — in equation (6.41), assumes the indeterminate

r dr

form 0/0 at this point. By Maclaurin’s expansion:

C (r) = C  (0 )+ rC ' (0 ) (6.47)

ButC (0 ) = 0 , so the limiting value of

(6.48)

At the outer membrane wall:

155



Mass transfer model development

r =  r0>c i,a =  c i,w (0 < 2 < I )  (6.49)

Since pure H2S of known concentration flows in the shell-side of the membrane 

module, its concentration at the wall is a known parameter and equation (6.43) is still 

valid. Resulting from the fact that the dissociation of H2S in water at alkaline pH values 

is instantaneous it occurs at the boundary of the inner membrane wall satisfying the 

following boundary condition:

r = r tube > (r ’ z) = CH2saH2S = CH2S a HS~ =  ^ H2S a s2~ (6.50)

where aHS, a , anda52_ are fractions of the dissolved sulphide as H2S, HS' and S2' 

in the liquid phase.

6.6 H2S absorption from H2S -  Air mixtures concentration profile

This section describes the concentration profile for the absorption of H2S from H2S -  air 

mixtures. Mass transfer process is more complex here than that described for pure H2S 

absorption. In contrast with pure gas absorption, H2S initially diffuses in the gas 

mixture, through the membrane pores and finally into the liquid phase where it reacts 

with water to form non-odorous compounds. There are two cases of interest; 1) the 

absorption of H2S in water as a physical transport (pH values between 1 and 4) and the 

reactive absorption of H2S in water (pH range between 4 and 13)

H2S-air mixture flows in the shell side of the membrane while the liquid absorbent 

passes in the tube side. The pores of the membrane module are filled with gas as a result 

of the non-wetted mode of operation that has been used. Both gas phase and membrane 

phase resistances are present since a gas mixture (H2S-air) is involved. The conservation 

equations for the three phases need to be solved simultaneously in order to obtain the 

overall profile of the system.
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6.6.1 Physical absorption

The equation describing the concentration profile in the gas phase is given by the 

following equation:

V c , G | 1 d C j f
y dr2 r dr j

= u z , s h e l l  ^dz
dC

, ,a  D i ,a  (6.51)

Here, Di G is the diffiisivity of H2S in the gas phase and u2shell the shell side velocity

profile. The subscript i stands for H2S while G denotes the phase of transfer. The shell 

side velocity profile is obtained from equation (6.19) of § 6.4.1, corresponding to 

Happel’s free surface model (Happel, 1959).

The boundary conditions for the gas phase equation are as follows:

At the free surface of the membrane:

dC
r = rt ,— — = 0 (0 < z < i )  (6.52)

dr

At the outer membrane wall equation (6.49) applies.

Inlet condition:

z  =  ° . C i,G  = 0 (>'„ ^ r ^ r e )  (6.53)

The concentration profile for the membrane phase can be described according to 

equation (6.33) solved along with its boundary conditions described by equations (6.35) 

to (6.38). In the liquid phase the conservation equation (6.41) applied in pure H2S 

absorption in water is still valid.

6.6.2 Reactive absorption

This section describes the reactive absorption of H2S in water from H2S-air mixtures. In 

this case diffusion occurs in the gas phase while diffusion and reaction occur in the 

liquid phase respectively. In similar manner to physical absorption, the conservation
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equations for the three phases (gas-membrane-liquid) need to be solved simultaneously 

in order to obtain the overall concentration profile for the system. The non-wetted flow 

configuration of H2S absorption from H^S-air mixtures is illustrated in Figure 6 .6 . H2S 

in balance with air enters the shell side of the membrane while water flows counter- 

currently inside the fibre lumens. As with physical absorption, since a gas mixture is 

involved the gas phase resistance is introduced into the system.

H?S -air mixture filled membrane

H2£ -  air mixture 
1 + -

! Shell side

i n r ? n  n  n  n
h 2o

i=l
r Tube side 

— s -> ---------------

j=N dr
=0

Figure 6.6 Schematic of the flow configuration for the absorption of H2S from H2S -  air 

mixtures in water flowing inside the fibre lumens (Reproduced after Karoor, 1992).

In reactive absorption of H2S the conservation equations describing the concentration 

profile in the gas phase (6.51) and the membrane (6.33) equations for physical 

absorption are still valid. In the liquid phase, diffusion and reaction occur hence the 

concentration profile is obtained using equation (6.41) solved along with equations

(6.48) to (6.50).

6.7 Transformation to dimensionless form

Transformation into dimensionless form was required in order to generalise the results 

and simplify the conservation equation along with its initial and boundary conditions. 

Non-dimensional variables:
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■ Z • r . CiL 
z = —,r = ----- ,C, ~' i,L

tube HC;
(6.54)

i,G

Substituting the above variables into equations (6.41) -  (6.44) and rearranging, the 

conservation equation describing the absorption of pure H2S in water takes the form:

D i,L

r HC,c a 2Ca   ̂ 1 HCiG d C \ f  

k f e )2 dr’2 rt M  r^e Sr'

= 2 ( u ^ e) { l - r 2)HCltCj ^

(6.55)

D,
HC;i,G 1 a 2c : i +  1 dc;a

\ f tube dr r tuber  d rhL (r )V tube )

, , \HCiG 1 dCiL

rtub, L  dz

(6.56)

Then,

d ill  1 { 02

2(U,Me) ( W )2 dr r dr
(6.57)

So equation (6.57) transforms to

v ’ dz Gz
f d1C'UL 1 d C ' f

dr r dr /
(6.58)

i.e.

Gz(l -  r 1 -  
V ’ dz

<d2C\L | 1 d C ' f
d f 2 y Qr (6.59)
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(u2tube) 2^  2
which is the dimensionless form of equation (6.41). G7 = — — is the

d,,ll

dimensionless Graetz number based on the internal fibre diameter and is related to the 

dimensionless Reynolds and Schmidt numbers. This relationship is shown by the 

following equation:

Gz = (  d; Re Sc (6.60)

The boundary conditions of the system in dimensionless form are:

1. At the centre of the tube because of symmetry:

dC\
^ ( o , z ' ) = 0 ,  ( o < z ' < l )  (6.61)

or

2. At the inside wall of the membrane:

Inlet condition:

C,:i (r’,0 )= 0 ,(0 < r '< l)  (6.63)

In the case of H2S absorption from B^S-air mixture, transformation to dimensionless 

form of the conservation equations was required in order to obtain a general form of the 

results. The mass transfer equation describing the concentration profile for the gas phase 

becomes dimensionless by introducing the following dimensionless variables:

r — r.
° - z ' = - C '  = CT » A,G ^L C

A,G

A,W

(6.64)
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With the definition of dimensionless variables described in equation (6.64), equation 

(6.51) is written as:

d2Q,G , re - r Q dCiG (wZ;S}(re - r 0)f
 -r~ + T7 x---------- — = ----------- ;---- \lu.

dr r (re - r 0)+r0 dr D L
‘■°{re - r 0)

In such case the Graetz number is:

]dC,,G
(6.65)

Gz = (6 .6 6 )

Thus, equation (6.65) transforms to

52C r  1 dCiC Gz(r — r ) + r  dCiG ^ -  + -T— = — °2_ » . — •£. (6.67)
dr r dr ’ r .—r. dz

uz s is the shell-side velocity profile and is defined by equation:

« „ M  = 2  («„) 1 -

f  \ 2 ( \r

U J l  re)
+ 2  In—

3 +
( r  'I '0 1 ( r  \  'o
U J UJ + 41n—

(6.68)

The boundary conditions of the system in dimensionless form are given by the 

following equations:

1. At the free surface,

dC'iGl,KJr =re,~—  = 0 
or

(6.69)
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2. At the outer wall of the membrane,

(6.70)

The inlet condition is also known and is given by equation

(6.71)

In the liquid phase, equations (6.59) and (6.61) to (6.63) are still valid. In a similar 

manner transformation of the conservation equations in the case of reactive absorption 

of pure H2S and absorption of H2S from gas mixtures was completed. At the inner wall 

of the membrane H2S reacts instantaneously with water and chemical equilibrium is 

established at the gas liquid interface. The boundary condition that applies in such case 

in its dimensionless form is given by equation (6.62).

6.8 Method of solution

The mass transfer model describing H2S absorption is a complex problem. All reported 

attempts to solve similar problems are based on numerical methods (Karoor et al., 1993, 

Kreulen et al., 1985, Li et al., 1998). Finite difference discretisation schemes could be 

applied for the solution of the partial differential equations involved. Discretisation 

schemes can be classified as explicit and implicit. For the solution of the present 

problem an implicit method has been implemented and therefore, these schemes are 

more extensively presented.

Explicit method o f solution

Explicit methods are characterised as the simplest methods of numerical solution since 

they express one unknown pivotal value directly in terms of known values. In order to 

study the basic idea of an explicit scheme, the finite difference form of the mass balance 

equation is considered. One difference approximation of the liquid phase conservation 

equation (6.41) is given by equation (6.72):
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Gz(1 -  r 2
f  c ’ij^ i ,L  i,L 1

+ —

17

1+i

j dz' 2  dr
(6.72)

where C'i L is the exact solution of the approximating difference equations: 

rf = ih(i = 0,1,2 ,3,...) (6.73)

z i = Jk ( j = 0,1,2,3,...) (6.74)

This can be represented as

C 'u ' 1 = - a 1— + (1 -  2 r)C ^  + rC £ w ] (6.75)

The term r = ~,— ^  gives the formula for the unknown term C-’l +1 at the (z, j  + l)th

mesh point in terms ofC- z values along the j th row. Hence, the unknown pivotal values

of CiL could be easily calculated, along the first row, z = k  in terms of known

boundary and initial values along z = 0 , then the unknown pivotal values along the 

second row in terms of the calculated pivotal values along the first row and so on 

(Figure 6.7). A formula such as this which expresses one unknown pivotal value 

directly in terms of known pivotal values is called explicit (Smith, 1984).

Implicit method o f solution

Although explicit methods are computationally simple they have certain limitations in 

their applications. The step 8z = k  is necessarily very small since the process is valid 

A: 1 1
only for 0  < —  < —i.e.k < —h2 andh = Sr must be kept small to attain reasonable 

h2 2 2

accuracy. The need for small dz in this type of approximation arises because the rate of 

change of a dependent variable is evaluated in terms of differences between the variable
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and the values of its immediate neighbours in space. Increasing the dz step size, a 

variable would be expected to be influenced not just by its immediate neighbours but by 

values located increasingly further away. Hence, there must be a limit on the size of the 

step advancement dz to ensure accuracy. In practice, this limit is also necessary to 

ensure stability (Smith, 1984).

z

C= 0

A

Unh own

1

2

C,

[ 1

+1
valia

Kno

' o f  C 

vn

Q c. Q
valu

- i j

es o f  C

-----►
C = f ( r )  r

Figure 6.7 Graphical representation of an explicit discretisation scheme (Reproduced after 

Smith, 1984).

Crank and Nicolson, (1947) proposed, and used a method that reduces the total volume

of calculation and is valid (i.e. stable) for all values o fr =
dz

.Crank and Nicolson,

(1947) further considered the partial differential equation as being satisfied at the

r r \ \  j e2c'
midpointsih,\ j  + — H an d  replaced the— —term by the mean of its finite-difference 

l ^ 2 )  J dr

approximation at the j ,h and ( j  + 1) levels. According to this study the conservation 

equation for the liquid phase (6.41) can be approximated as follows:
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Gz(l -  >) 

+ ( l - 0 )

n 'U i+ i _  n 'U i  
i,L i,L

dz
= 0

C £ w -  2 C ,y + C S w

c ; y  -2C11 +C,rL 

(S rJ

'i~ h j e+ —
r:

r^’i+hj _ r '̂iJ 
i,L i,L

dr
+

(1- 0)
r;

U i,£________  i,L

dr

(6.76)

giving,

M ) r ;,-u+1 J  2 (1 - 0 ) (1 - 0 ) f e l l - / 2)"
(<^’)2 l ’L  , &

-  — c ' M,y +

r'iJ+1 +î,L ^ r,dr
/'-r'j'+lJ+l

i,L

J

20 _ 0 ___ Gz(l-?-7P
(Sr'f rtSr Sz

C lJ +i,L ^

r \-e -e +

(6.77)

[d r j r\dr
n'i+hj

i,L

where ,O<0<1.0  = Ogives the explicit scheme, 0 = 0.5the Crank-Nicolson scheme, 

and0 = la  fully implicit backward difference method. The left side of equation (6.77) 

contains three unknowns and the right side three known pivotal values of C'i L (Figure 

6 .8).

Unknown v ilues o f C

Known values o f C

i- 1 ri

Figure 6.8 Schematic of an implicit discretisation scheme (Reproduced after Smith, 1984).
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If there are n internal mesh points along each z row, then for j  = 0, and i = 1 , 2 the 

equation defined above gives n simultaneous equations for the n unknown pivotal 

values along the first z row in terms of known initial and boundary values. A method 

such as this where the calculation of an unknown pivotal value necessitates the solution 

of a set of simultaneous equations is known as implicit (Smith, 1984). Additionally, the 

Crank-Nicolson method approximates the partial differential equation at the point

|z’A, j by equation:

(6-78>

The subscripts z and r denote differencing in the z- and r-directions respectively.

\ i - ( ■ 1Relative to the point jz/z, j  + —jk  j , both terms in the partial differential equation have

been replaced by central difference approximations. This reduces any additional errors 

introduced by the approximations (Smith, 1984). For instance, in the above example 

increasing the value or r could introduce unwanted finite oscillations into the numerical 

solution. Such errors could be eliminated with increasing j ,  and usually occur in the r- 

neighbourhood of points of discontinuity in the initial values or between initial values 

and boundary values respectively.

Although the use of explicit finite-difference schemes is simple and they offer a 

straightforward prescription for advancing a solution in time, their requirement for 

limiting the step size to ensure stability could lead to long computation times. In 

contrast implicit finite-difference schemes have the ability to eliminate the troublesome 

step restriction. The relative major advantages and disadvantages of these two 

approaches are summarised as follows:

1. Explicit approach 

Advantage: Relatively simple to set up and program.

Disadvantage: For a given 5r,5z must be less than some limit imposed by stability 

constraints. In many cases the step dz must be very small to maintain stability; this may
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result in long computer running times for the calculations over a given interval to be 

completed.

2. Implicit approach

Advantage: stability can be maintained over much larger values of & using 

considerably fewer steps to make calculations over a given interval resulting in less 

computer time.

Disadvantage: more complicated to set up and program. Since massive matrix 

manipulations are usually required at each step, the computer time per step is much 

larger than in the explicit approach. Additionally, truncation error is larger resulting 

from the larger steps taken, and in some cases the application of an implicit method may 

not be as accurate as an explicit approach. However, for a solution where steady state is 

a desired result, such inaccuracy may not be important.

6.8.1 Numerical solution-finite difference scheme

The theta scheme has been applied for the diffusion terms while central approximation 

scheme is used for the solution of the convection terms. The forward difference is the 

difference equation that would be used on the left boundary, when the function proceeds 

to the right. In the membrane phase the equation describing the absorption of H2S as 

physical transport is discretised as follows:

6

( - 1  i + l j + l  _  ry l , J + \  / - l j + l  q  l+ \ ,J  _  f i  l - \ , J
iM  i,M  ^  i,M  , &  A

------------------------------------------- H— r -------------;---------  > =  U (6.79)

rt &

In this equation the subscript i, represents variation in the r direction and the subscript j  

variation in z direction respectively. In the current study fully implicit backward
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difference scheme has been used for the diffusion terms with# = 1 which reduces 

equation (6.79) to:

DM

n'i+hj
^ i,M  i,M  _r ^ i,M

(SrJ

1
+ — 

r;

fi'i+hj _ Mi-lj 
i,M  ^ i M

Sr
=  0 (6.80)

Rearrangement of equation (6.80) results:

f Sr"1 + ---
O r.

C'i+1J +
l r ' i J

f ' i - h j  _  9  
i,M  ~  i,M (6.81)

Hence,

1 +  — ;
v 2r. ,n u j  _  V______ i J

i,M  ~~

c'i+1J +i,M  ^
< 8 t "

1  ;
2  Y\  ^  ri J

i,M

(6.82)

The equation describing the liquid phase concentration profile of pure H2S absorption in 

its discretised form is given by equation:

uz,tube

n'Ui _  n'Ui- 1
i,L i,L D,

e i y - 2  e a + c ; ?

{SrJ

+(1- 0) 

(1- 0)

W i+ lJ + l _  r ^ p 'i,j+ \ . W l-lj '+ l  
i,L i,L T  i,L

( f r j
+  •

0
r;

i,L i,L

Sr

+
W/+1J+1 _ Wi-l,7+1 
^ i,L  i,L

Sr

(6.83)

z,tube

_  n'Uj- 1 
^ i ,L  i,L

Sz
= D,

(SrJ
1

+ ~  
r:

r+ 'i+ h j _  f - i ' i - h j  
i,L i,L

Sr
(6.84)

Rearrangement of equation (6.84) yields:
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C'iJ =^i,L

u z,tube , 7^ 1
1

1 r 'Md _l_ n 1 1
i,Lo '.. i,L  + Ldz _(<5r)2 {2ri#r ')_

i,L ' L
_{dr'J (2 r> ')_

U z,tube 2D l

(6.85)

Using the discretisation difference scheme described by equations (6.82) and (6.85) the 

non-linear partial differential equations for the membrane and liquid phases were solved 

simultaneously using an iterative method. The method uses an initial guess value for the 

concentration of H2S in the liquid at all grid points. Hence, setting as starting point the 

inlet of the tube(z = 0 ), the liquid phase equation along with the boundary conditions at 

the wall and the entrance of the module is solved. Solving the equations from the 

entrance to the end of the tube, the same procedure is repeated till convergence was 

obtained.

In the case of reactive H2S absorption, the membrane phase equation (6.82) is valid. 

Resulting from the instantaneous reaction of H2S with water, the equation describing the 

concentration profile in the liquid phase is discretised according to the following 

equation:

.tube

n'iJ _ r fid~l
i,L i,L

& ~ ai,L^L

c £ w - 2  e ii+ d ;?

(U
W/+1J+1 1 , f'l'-lj+l

(U
M )

W/+1J+1  W/-l,/+1
i,L i,L

Sr'

+-e i,L i,L

Sr
(6 .86)

Since a fully implicit backward difference scheme is applied equation (6 .8 6 ) reduces to:

z.tube

_  n  i,J 
^ i,L i,L

dz

' U - 1

ai,L^L
CJ*l J +

{Sr’J

1
+ — 

V;

r 'Md
i,L i,L

Sr
(6.87)
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which after rearrangement takes the form:

C l,Ji,L

a i,L
z,tube 1 1. !

i,L + D L
1 1 c,, jO ’ ' V U L

S z

___ 
1

*<N
^

hc-)

1 _(<5r ' ) 2 & & ■ ' ) _

U z,tube , 2 D l

S z  ( S r ^ f

(6.88)

In the case of H2S absorption from gas mixtures the equations describing the 

concentration profile for the three phases must me solved simultaneously in order to 

obtain the overall profile of the system. Since a mixture of gases is involved the gas 

phase resistance is introduced into the system. For physical transport though the 

membrane, the membrane phase equation (6.82) and the liquid phase equation (6.85) are 

still valid. The gas phase concentration profile in its discretised form is given by:

u

n'ij 1
^ i,G  i,G

z jh e ll

r̂ 'i+hj _ 9 p'Uj ,
^ i,G  i,G i,G

+ M )  

M )

W / + 1J +1 _  9 W / J +1 , W i - l J + l
^ i,G i,G  "r  ^ i,G

(a-’)2
+-
en ' i+ h j  _  p ' i - h j  

i,G i,G

S r
(6.89)

+
W i'+lJ+l _  W i'-lJ+ l  
^ i,G i,G

S r

But since 6 -  lin  the current study, equation (6.89) becomes:

^ 2 , shell

C'd
i,G

n ' U j -1 
^ i,G

S z
=  D ,

CSU - 2 C ^ + C ^ 1
+ —

r ,

i,G i,G

S r
(6.90)

Equation (6.90) after rearrangement yields:
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Equation (6.91) is valid in the case of reactive absorption of H2S. In such case equations

(6.91), (6.82) and 6 .8 8) are solved simultaneously to obtain the overall concentration 

profile of the system.

6.8.2 Numerical treatment of boundary conditions

Discretisation of the boundary conditions was required in order to solve the 

conservation equations for the three phases and obtain the overall concentration profile 

of the system.

'At the free surface of the membrane:

At the outer wall of the membrane, the boundary condition is described by the following 

equation:

(6.92)

(6.93)

Rearrangement of equation (6.93) yields:

- - A
(6.94)

J

where.
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a  = Dm
Do r<far0 - to r ,]

(6.95)

CM j = value of C at the free surface (above the boundary) 

CM J = value of C at the inner wall of the membrane 

At the inner wall of the membrane two conditions apply:

Ti-<sAr = rt,CUj=  —  CHJ 
V J

(6.96)

and

r ,~ rM = C,j (6.97)

Equation (6.97) after rearrangement becomes:

c,, = ri ~ rM
C M ,J

tJ B 1 '
(6.98)

where,

B = ̂ - _____L (6.99)

At the centre of the membrane wall because of symmetry the boundary condition is 

given by:
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Rearrangement of equation (6.100) yields:

c
&

+ 4/)^ ^

V dz (§rf

(6.101)

6.9 Implementation of the mass transfer model

This section addresses the numerical technique used for modelling the absorption of 

pure H2S and its mixture in air by water solutions through a HF hollow fibre membrane 

module. The steps followed for the development and the application of the model are 

discussed. The mass balance equations for the three phases were discretised as it was 

described in § 6.8.1. Discretisation of the boundary conditions was also required (§ 

6.8.2) for the three conservation equations to be solved simultaneously. The model 

consists of three parts; gas phase, membrane phase and liquid phase respectively. The 

discretisation in the axial direction was done in the following way: The area defined by 

two consecutive points was equal in every phase. This is shown in Figure 6.9.

Figure 6.9 Schematic representation of the discretisation in axial direction. 

Following the notation in the figure we have:
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,2 = irf,i = 1,2,3
—̂ ~ j— 5  ̂~ 1? 2 ,3

sjn

(6 .102)

yfn

It is observed that the calculation of the r-points is affected by the number of points 

used and the inner radius of the membrane (noted as rn in equation (6.102)). By using 

such discretisation for the axial direction we achieve easy computations for the 

calculation of the output concentrations with respect to the different flow rates. 

Assuming that the system operates at steady state no variation of the concentration with 

time is considered. Variation in H2S concentration was observed as a function of radius 

along the length of the tube. The effect of the shell side and tube side velocity was also 

an important parameter in the built up of the model. The velocity profile for both shell 

and tube sides at various positions of r, was evaluated using equations (6.19) and (6.32). 

Setting as a starting point the entrance of the tube (z = 0), an initial value of C was set 

for all the grid points along z. H2S concentration at the different positions of r was set to 

zero (since z=0). Using this as the condition at the free surface the discretised equation

(6.91) was solved for all values of r giving the concentration profile for the gas phase. 

The numerical solution for the gas phase was then validated against analytical solution 

to ensure accuracy. Using the discretised equation (6.82), the membrane phase profile 

was obtained.

Since only diffusion occurs in the membrane phase, the convection terms were 

neglected. The results of the membrane phase were further compared with analytical 

solution. The gas and the membrane phase equations were then combined by using 

equation (6.94). Considering that the reaction of H2S in water is an instantaneous 

reaction, equilibrium occurs at the gas/liquid interface (pore mouth of the membrane). 

Hence, at the inner wall of the membrane two conditions apply. Henry’s law applies and 

hence the concentration of H2S at the gas liquid interface is calculated from equation 

(6.96). Also at the inner wall of the membrane because of continuity, equation (6.98) is 

valid. The inner membrane wall boundary is used to combine the membrane phase 

equation (6.82) with the liquid phase equation. At the centre of the membrane because 

of symmetry equation (6.100) is applied. The equations for the three phases along with
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the boundary conditions were solved simultaneously using an iterative method applied 

by Excel. An extended discussion of the numerical method used for the solution of the 

mass transfer problem is given in Appendix A. The method solves the equations for all 

the values of r at a given z and the same procedure is continued from the entrance to the 

end of the tube until convergence is obtained. A flow chart of the solution algorithm 

used for the solution of the mass balance equations is illustrated in Figure 6.10.

ITER =1

No

ITER=1?

Yes
No

Yes

'(new)

End program

Start program

Display the results

Set input 

parameters

Define ranges: 

i=l toN,j=g+1

Solve equations for 

the three phases 

simultaneously

Figure 6.10 Flow chart of the iterative method used in the modelling of the H2S absorption 

process.
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7 Membrane gas absorption: Simulation

7.1 Introduction

The modelling of H2S absorption through a HF membrane module is the main scope of 

this Chapter. The mass transfer model equations which were developed in Chapter 6 

were solved and the simulation results have been compared with the experimental data. 

Two case studies are covered; single pass MGA and MGA with recycle either when 

pure H2S or H2S - air mixture is present. Validation of the model was achieved against 

cases where an analytical solution exists. Extension of the model to other chemical 

systems was also investigated.

7.2 Model validation

Modelling the absorption process of H2S through a hollow fibre membrane is a complex 

problem and cannot be solved analytically; hence a numerical technique has been 

applied. Although there is no analytical solution describing the problem as a whole, 

several research groups have solved similar differential equations for the heat transfer 

problem in laminar flow through a circular duct (Graetz, 1883; Leveque, 1928; Jakob, 

1949).
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7.2.1 Validation against cases with analytical solution

The performance of the finite difference method adopted for the simulation of the 

membrane gas absorption process was tested against the analytical solution of a heat 

transfer problem which can be expressed by similar partial differential equations and 

has the same boundary conditions. Analytical solution of such a problem is often used 

due to the abrupt change in temperature that is observed at the boundary which is 

similar to the discontinuity that exists at the membrane liquid interface.

The problem describes the heat conduction through an infinitesimally thin tube where a 

stationary fluid is initially kept at temperature To and the surroundings are initially at 

zero temperature. The problem geometry is shown in Figure 7.1.

Too= 0

To

Figure 7.1 Schematic describing the geometry of the infinite hollow cylinder.

The problem formulation is given by the following equations:

d2T  1 dT 
1 + 1

1 dT.;
dr r dr kx dt

, 0  < r < r0

d2Tn 1 dT  1 07:
dr‘

+ ■
r  dr k2 dt

r> rn

(7.1)

(7.2)

where, kx, k2 are the thermal diffusivities of the two substances. The general expression 

of the diffusivity is given by equation (7.3) as follows:
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(7.3)

where, Kps  the thermal conductivity of the substance, p t is the substance density and

c -is the specific heat capacity.

The boundary conditions of the system are:

At the centre of the tube:

The boundary conditions used in this problem are the same as in the membrane gas 

absorption problem with the exception of the one at the free surface which in the hollow 

fibre membrane module is valid for some finite radius and is defined by the membrane 

module.

The analytical solution of equations (7.1) -  (7.6) has been introduced by Carslaw and 

Jaeger, (1959). The temperature distribution equations for the two regions are:

(7.4)

At the outer wall of the tube:

r = r0, Tx =T2 and K }
dr dr

(7.5)

Finally, at the free surface:

= 0 and T2 = 0 (7.6)

4 r 0r , r 2fc2
7T2r0

(7.7)
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T (r t)= 2T°K ' (Ur°
2 ’ n  I i

J x (ur0 )[J0 kur)<f>(u) -  Y0 (kur)y/{u)\
u (j>2{u) + y/2{u^

du (7.8)

where,

u = A (7.9)

and

y/(u) = K l y[k^Jr (ur0 ) j Q (kur0 ) - K 2 sfk^J0 (ur0 ) j l (kur0) (7.10)

</)(u) = K x (ur0 )Yq (kurQ ) - K 2 <s[k^J0 (urQ)Yx(kurQ) (7.11)

In the above equations J Q, J x are the first kind Bessel functions of zero and first order

respectively. Similarly,YQYXare the second kind Bessel functions of first and second

order. A note on Bessel functions and their calculation is given in Appendix B.

The heat transfer problem was solved numerically using a finite difference discretisation 

scheme. The discretisation of equations (7.1) and (7.2) was analogous to that describing 

the concentration profile in § 6.6.1. The integral in equations (7.7) and (7.8) were 

evaluated numerically by calculating 30000 terms from 0 to 7500 with an interval of 

0.25. The results of the analytical solution of the heat problem were plotted against the 

results obtained numerically and are illustrated in Figure 7.2.

A decrease in the temperature was observed as the heat is transferred from the centre of 

the tube to the outer wall. Both analytical and numerical solutions are in good 

agreement. The highest deviation between the two solutions is found close to the 

boundary ro (ro = 0.02 in Figure 7.2). At the boundary the error is -200%. However, at r 

= 0.0195 this error drops to -13% and at r = 0.019 reaches -4%. The reason for the high 

error close to ro is due to the very steep temperature change on either side of the 

boundary (from To to zero). Such steep changes in the membrane gas absorption 

simulation are expected at the inner wall of membrane due to Henry’s law applicability
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(where gas/liquid equilibrium is assumed). Since the governing equations of this 

problem along with the boundary conditions are analogous to those used in the mass 

transfer problem, the above solution indicates that the mass transfer model developed in 

the current study gives accurate predictions.

400

300 -

<D
1_ZJ

200  -

CD
Q .
E
P

100 -

o Analytical solution 
—  Numerical solution

0 0.005 0.01 0.015 0.02 0.025
Radius (m)

Figure 7.2 Temperature profile as a function of radius. Comparison between analytical and 

numerical methods of solution.

7.3 Case 1: single pass MGA

7.3.1 Pure H2S absorption

Pure H2S absorption has been modelled in order to study the impact of the different 

variables on the transfer process when the gas phase resistance is negligible. This is the 

simplest case of the mass transfer problem since pure H2S of known concentration is 

flowing through the shell side of membrane. Furthermore, the pure H2S absorption 

provides a reference point for the effect of the gas side diffusion to the performance of 

the module.

The concentration profile of the system is then obtained by solving the equations for the 

membrane and the liquid phase simultaneously. The concentration of H2S as a function
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of radius was plotted for a range of liquid pH values in the range between 7 and 13 

(Figure 7.3). The model simulation showed that the concentration profile of H2S in the 

liquid phase decreases as a function of radius when moving from the inner wall to the 

centre of the membrane. H2S diffuses through the membrane pores and reacts in the 

liquid phase to form non-odorous products. The amount of H2S present in the liquid was 

strongly dependent on the pH. In the case that H2S is physically absorbed (pH values 

between 1 and 4) all the sulphur present is in its molecular form. In this study only 

limited performance data are provided. At neutral pH, H2S undertakes a chemical 

reaction when it comes in contact with water. The addition of OH' in the water results in 

pH rise as expected. The influence of liquid pH on the system’s performance is 

significant and all the sulphur exists as molecular H2S and ionic HS\ At higher pH 

values (pH 8 -  pH 11) most of the sulphur exists as HS'while at even higher pH values 

(pH 12 -  pH 13) only HS' and S " are present. For instance, at pH 7, 50% of sulphur is 

present as H2S and 50% as HS' while the amount of S2' is negligible. As the pH 

increased to 13, the proportion of H2S in the liquid phase was negligible and the amount 

of sulphur present was 43.4 % as HS’ and 56.6 % as S '. An extensive discussion on the 

dissociation of H2S in alkaline environment is given in § 4.3.2.

7.3.2 H2S absorption from H2S -  air mixtures

In the case of H2S absorption from its mixture in air by water, the situation changes and 

the gas phase resistance is introduced into the system. The overall concentration profile 

of the system is obtained by solving the differential equations for the three phases that 

described in Chapter 6  simultaneously. The outlet gas concentration of H2S as a 

function of the radius has been plotted for liquid pH values between 7 and 13 (Figure 

7.4). A decrease in the outlet H2S concentration has been observed at all the liquid pH 

values tested. Significant was the drop of the H2S concentration in the liquid phase 

when compared to the changes observed in the membrane and gas phase. For instance, 

at pH 7, the concentration of H2S dropped slowly from 0.1312 g/m3 to 0.0004 g/m3 as it 

was transferred from the inner wall to the centre of the membrane fibre. In contrast, as 

the water pH increased to 13, an abrupt drop in the H2S concentration from 0.1252 g/m 

to 0 was observed in the liquid phase. This is the result of the chemical reaction of H2S 

that occurs in the liquid phase which is enhanced at high pH values.
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Figure 7.3 Liquid phase concentration profile of H2S as a function of radius for pH values in the 

range between 7 and 13. Theoretical predictions at gas flow rate of 4.16x1 O'5 m3/s 

and liquid flow rate of 3.3xl0'6 m3/s.
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Figure 7.4 Overall concentration profile of H2S as function of radius. Theoretical predictions at 

gas flow rate of 4.16xl0'5 m3/s, liquid flow rate of 3.3xl0'6 m3/s and pH in the range 

between 7 and 13.
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Model predictions of the outlet H2S concentration in the gas phase for both pure H2S 

absorption and absorption of H2S from its mixture in air were compared as a function of 

gas to liquid ratio. The comparison of the two case studies showed increase of the H2S 

concentration in the gas phase as the gas to liquid ratio increased from 12.5 to 75 

(Figure 7.5). The concentration of H2S seemed to increase slightly at low gas to liquid 

ratios (12.5 to 37.5) while above this point a relatively constant H2S value was obtained. 

The variation in the residual H2S concentration, from 0.07645 g/m to 0.07978 g/m in 

the case of pure absorption and from 0.08473 g/m3 to 0.08771 g/m3 in the case of H2S 

absorption from its mixture in air as the gas flow rate increased from 4.17x10' m /s to 

2.5x1 O'4 m3/s, indicates that the effect of the gas concentration on the mass transfer 

process was insignificant. The observed difference between the two sets of data is due 

to the negligible gas phase resistance in the case of pure H2S absorption allowing larger 

amount of H2S to reach the wall of the membrane.

o Pure gas 
absorption

a  Absorption 
from gas 
mixtures

0 20 40 60 80
G:L ratio

Figure 7.5 Model predictions of the outlet H2S concentration in the gas phase as a function of 

gas to liquid ratio at neutral pH. Comparison between pure H2S absorption and 

absorption of H2S from its mixture in air.

The simulated results obtained for the absorption of H2S from its mixture in air were 

further compared with the predictions obtained for pure H2S absorption in terms of 

removal efficiencies at various liquid pH values between 7 and 13 (Figure 7.6).
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Figure 7.6 % H2S removal efficiency as a function of gas to liquid ratio. Comparison of the 

simulated results obtained on pure H2S absorption and H2S absorption from its 

mixture in air (pH between 7 -13).
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In the case that pure H2S was diffused into the system the % removal efficiency was 

much higher resulting from the negligible resistance to mass transfer in the gas phase. In 

contrast, in the absorption of H2S from its mixture the gas phase resistance is added into 

the system resulting in reduced removal efficiency as expected. For instance, at pH 7 the 

system removed up to 49.6% when pure H2S was diffused through the system while a 

maximum of 47.7% was achieved when a gas mixture was involved. Similar difference 

in the two sets of data was observed for all the liquid pH values tested. Significant 

changes in the removal efficiency of the system were observed at pH values between 7 

and 9 where the removal efficiency increased from -50% to -95%, and thereafter 

remained constant to a value o f-99 %.

In reality it should be expected that at very high gas velocities no resistance should 

insist in the gas phase due to possible saturation of the gas when enters the membrane 

wall. This could be the case if forced diffusion was applied. In this study free diffusion 

is assumed; hence the amount of H2S that is introduced into the system is not affected 

by the gas phase velocity. Furthermore, the specific G:L ratio has negligible impact on 

the performance of the system.

7.4 Case 2: MGA with recycle

As it has been mentioned previously (Chapter 5) limited performance data are available 

from the measurements conducted in the hollow fibre membrane using recycle, 

including measurements of the residual gas concentration as a function of time at 

various liquid pH values at constant gas and liquid flow rates. The process of gas 

absorption with recycle was also studied theoretically using the mass transfer model 

presented in Chapter 6  with appropriate modifications. The major modification was the 

recycling of the liquid outlet stream into the system. This led to reduction of the initial 

water pH and hence, reduced performance of the system. Measurements of the H2S 

concentration in the gas outlet were recorded using the Jerome 631-X analyser 

described in § 3.5.1. Only concentration measurements up to 50 ppmv were possible 

due to sensitivity of the instrument at high H2S concentrations. This was proved to be 

the limiting factor as the measurements of H2S in the recycle mode were very close to
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the above limit. The results obtained from the simulation of the model at various gas 

and liquid flow rates and a range of liquid pH values between 7 and 13 are presented. 

The performance of the system is studied in terms of removal and mass transfer data.

In the case of gas absorption using recycle the mass balance equation is more complex 

than that describing absorption of H2S within single passage through the membrane. In 

this case, the average concentration of the gas at the entrance (C^) undergoes a sudden

change from CA to C\ , and is of importance to determine how the concentration in the 

tank (CA) changes as a result of this change in the inlet concentration. The problem can 

be described using the following equation:

entrance, C^the concentration at the exit, andr is the residence time. The derivation of 

equation (7.14) described above is given in Appendix C.

The simulation showed an increase in the outlet H2S concentration as a function of the 

gas flow rate for all the liquid pH values examined (7-12). Higher values of H2S 

concentrations were obtained when running the model at relatively low pH values (7-8).
O 'y

Generally a drop in the residual concentration from 0.0816 g/m to 0.0325 g/m was 

observed when the liquid pH increased from 7 to 12 resulting from the dissociation of

(7.12)

where

V (7.13)
Q

Equation (7.12) after rearrangement takes the form:

(7.14)

where (CA} is the average concentration of the tank, C°A is the concentration at the
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H2S in alkaline solutions. This reduction was rapid at gas flow rates between 4.17x1 O'5 

m3/s and 2.5x1 O’4 m3/s and thereafter only small changes were observed. The results of 

the model simulations at liquid pH values between 7 and 12 are illustrated in Figure 7.7.
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Figure 7.7 Residual H2S concentration as a function of gas flow rate at constant liquid flow rate 

of 3.33x10"6 m3/s and liquid pH values between 7 and 12.
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The introduction of the recycle into the system resulted in some significant changes in 

the systems performance when compared to single pass absorption. A reduction in the 

initial water pH was observed for all the liquid pH values tested (Table 7.1).

Table 7.1 Simulation results obtained for liquid pH values in the range between 7 and 12.

Initial pH Final pH Cgout (g/m ) Clout (g/m3) % removal

7 6.95 0.0812 0.0772 46.92

8 7.54 0.0405 0.0319 73.63

9 7.68 0.0339 0.0245 77.95

10 7.69 0.0332 0.0238 78.41

11 7.69 0.0331 0.0237 78.46

12 7.69 0.0325 0.0239 78.86

At neutral pH a drop in the initial water pH from 7 to 6.95 was obtained. At higher pH 

values a more significant change was observed (a drop from 12 to 7.69) which remained 

unchanged above pH 9. Hence, the system reaches a natural balance as pH drops. The 

removal efficiency of the system was increased from 46.92% at pH 7 to a maximum of 

78.86 at pH 12. The removal data of the model simulation are shown in Figure 7.8. A 

significant increase in H2S removal efficiency was observed at relatively low pH values 

(7 and 8) and thereafter it remained constant. The reduced performance of the system in 

the presence of recycle (-78% removal compared to -92% observed within single pass) 

results from the continuous addition of sulphide in the liquid which retards the rate of 

transfer.

Analysis of the simulated data showed an increase in the mass transfer coefficient as a 

function of liquid pH. Figure 7.9 represents the results of the overall mass transfer 

coefficient of H2S as a function of pH at various gas flow rates in the range between 

4.17xl0‘5 m3/s and 2.5xl0’4 m3/s and constant liquid flow rate of 3.33xl0‘6 m3/s. In 

similar manner to single pass absorption, smaller variation in the K  values was observed 

at low gas flow rates compared to those values obtained at higher flow rates 

respectively. Consequently, as with single pass membrane gas absorption the mass 

transfer coefficient of the system is strongly dependent on the gas flow velocity.
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Figure 7.9 Simulated overall mass transfer coefficient as a function of pH at various gas flow 

rates and constant liquid flow rate of 3.33xl0'6 m3/s.
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Mass transfer analysis showed a linear relationship between the mass transfer 

coefficient and the gas flow rate. The results of the simulations at various pH values are 

represented in Figure 7.10. The overall mass transfer coefficient increased as a function 

of gas flow rate. The impact of the gas flow rate on the mass transfer was much stronger 

at high pH values. An increase in the overall mass transfer coefficient of H2S from 

2.64xl0'5 m/s to 1.52xl0’4 m/s it was observed at pH 7, while at pH 12, K  values 

increased from 6.47xl0‘4 m/s to 3.83xl0"4 m/s, at gas flows between 4.17xl0'5 m3/s and 

2.5x10"4 m3/s.
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Figure 7.10 Overall H2S transfer coefficient as a function of gas flow rate at liquid pH values 

between 7 and 12.

7.5 Comparison between simulated and experimental data

The experimental results have been compared with the results obtained from the 

numerical solution of the governing partial differential equations in terms of removal 

data, mass transfer data and in a fashion of plots of dimensionless numbers.
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The experimental and simulated removal data were plotted as a function of liquid pH 

(Figure 7.11). The values of the predicted removal efficiency resulted from the model 

simulation were in agreement with the experimentally determined values. In both 

studies an increase in the removal efficiency of H2S was observed at relatively low pH 

values (pH 7 to pH 8) which remains constant at higher pH values (pH values between 9 

and 13). Both experimental and simulated removal data were in agreement with 

variations at relatively low pH values. This gives an indication that the mass transfer 

model developed in this study may perform better at high pH values. This is a good way 

of explaining the impact of the chemical reaction on the performance of the system 

which cannot be examined in depth from the experimental studies due to the nature of 

the experiments.
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Figure 7.11 % removal efficiency of H2S as a function of liquid pH within single pass through 

the membrane. Comparison between the experimentally determined values and 

model simulation.

The relationship between the mass transfer coefficient and the gas phase velocity based 

on both experimental studies and model simulation is illustrated in Figure 7.12. For all 

the data present in this Figure, the liquid flow rate was kept constant to 3.33x10' m Is 

as the gas flow rate was varied from 4.17xl0'5 m3/s to 2.5xl0-4 m3/s.
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Figure 7.12 Mass transfer coefficient of H2S as a function of gas phase velocity. The dotted 

points indicate the results obtained from the experiments while the line indicates the model 

predictions at the same operating conditions. The y-axis is kept to the same scale for direct 

comparison of the results at the various liquid pH values examined.
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The experimentally determined mass transfer coefficients were in good agreement with 

the predicted values calculated by the model. A linear increase in the overall mass 

transfer coefficient of H2S was observed with increasing the gas phase velocity as 

expected under all liquid pH values examined. The observed increase in the mass 

transfer coefficient at high pH values gives another indication of the strong impact of 

the liquid pH on the performance of the system.

Model simulations were further obtained to show the impact of the liquid phase velocity 

on the system’s performance. The overall mass transfer coefficient was then plotted as a 

function of liquid phase velocity at a given gas flow rate and the results from both 

studies were compared. The comparison was made at pH 7 and pH 13 respectively in 

order to show the impact of the liquid phase velocity at different conditions whether or 

not a chemical reaction is present. At neutral pH (Figure 7.13) the experimentally 

determined mass transfer results found to be in agreement with the simulated data with 

a maximum variation of ~ 31 %.
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Figure 7.13 Overall mass transfer coefficient as a function of liquid phase velocity. Comparison 

between experimental and simulated data at pH 7.
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In contrast, at pH 13 (Figure 7.14) this variation was reduced to ~ 12%. The difference 

in the two sets of data results from the sensitivity of the H2S analyser measuring 

relatively high concentrations which is observed at low pH values where the system is 

less efficient in removing large amounts of H2S. Both experimentally and theoretically 

determined mass transfer data followed the same trend for the different operating 

conditions tested showing that the liquid flow velocity has no impact on the rate of mass 

transfer.
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Figure 7.14 Overall mass transfer coefficient as a function of liquid flow velocity. Comparison 

between experimental and simulated data at pH 13.

Experimental and simulated results have also been compared in terms of the 

dimensionless Sherwood and Graetz numbers. The results obtained from the 

experimental study and the ones predicted from the model simulation within single 

passage of H2S through the membrane are presented (Figure 7.15).
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Figure 7.15 Sherwood number versus Graetz number describing the absorption of H2S from its 

mixture in air by water. Comparison between the experimentally (points) and theoretically (line) 

predicted values. Results are plotted for the range of pH values between 7 and 13. The y-axis 

was kept to the same scale in order to directly compare the results at all the pH values studied.
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An increase in Graetz number due to an increase in the gas flow rate results in increased 

mass transfer coefficient. The observed increase of the hydrodynamic parameters 

indicates the importance of the gas phase velocity on the system’s performance. At 

relatively low pH values, the values of the overall transfer coefficients were an order of 

magnitude lower than those obtained at high pH values. Both experimental and 

simulated results were in agreement for the range of liquid pH values between 7 and 13. 

The increased Sherwood number with increasing the Graetz number at high pH values 

results from the chemical reaction of H2S in water and hence enhancing the rate of mass 

transfer.

Both experimental and simulated data have been corrected to the original correlation 

derived by Kreulen, (1993) and appropriate fits have been obtained by adjusting 

coefficient a in the Graetz expression derived using equation (5.13) (Figure 7.16). 

Both experimental and simulated data follow the same trend with a variation between 

0.9 (at low pH values) and 13 % (at relatively high pH values).
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Figure 7.16 Variation of the dimensionless number correlation coefficient a as a function of 

liquid pH. Comparison between simulated and experimental data.
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Both experimental and model results have also been plotted in terms of Sherwood 

number versus Reynolds number. Reynolds number has been defined previously using 

equation (5.11). A linear increase in the Sherwood number as the Reynolds number 

increases it is observed (Figure 7.17). The model predictions were very close to the 

values obtained from the experimental measurements taken in the membrane gas 

absorber indicating that the mass transfer model gives accurate predictions. The 

variation in the two sets of data was in the range between 0.4 and 2.3% respectively. 

Dimensionless Sherwood numbers as a function of Reynolds number have been 

evaluated for a range of liquid pH values between 7 and 13 and results similar to those 

obtained at pH 12 have been obtained.
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Figure 7.17 Sherwood number as a function of Reynolds number. Experimental and model 

predictions of the transfer coefficients at pH 12.

7.6 Extension of the model to other systems

The mass transfer model developed for the absorption of H2S and its mixture in air by 

water has also been applied in the absorption of pure CO2 by water. Model predictions 

were completed for various liquid flow rates in the range between 7x1 O'7 m3/s and 1x10'

a  Experiment 

—  Simulation
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6 m3/s and a constant gas flow rate of 1.2xl0‘6 m3/s. In the gas-liquid system studied a 

non-reactive liquid absorbent was used. The results were obtained by solving the 

differential equation (6.85) along with its boundary conditions (6.93)-(6.99). The model 

results were further compared with previous predictions on the absorption of pure CO2 

studied by Karoor, (1992). The mass transfer data of the two studies are illustrated in 

Figure 7.18. The comparison of the two studies showed similar predictions for the mass 

transfer coefficients as a function of the liquid flow rate with a maximum error of ~13 

% indicating that the mass transfer model used in the current study can be applied in the 

absorption of other gas-liquid systems by changing the fluid physical properties.
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Figure 7.18 Overall mass transfer coefficient of C02 as a function of liquid flow rate and 

constant gas flow rate of 1.2xl0' 6 m3/s. Comparison of the simulated data obtained 

in the current study with previous study on C02 (Karoor, 1992).

The overall mass transfer coefficient of CO2 was also expressed in terms of 

dimensionless numbers. A plot of Sherwood number as a function of Graetz number is 

shown in Figure 7.19. An increase in Graetz number due to an increase in the liquid 

flow rate results in an increased mass transfer coefficient as expected. The effect of the 

operating mode on transfer process is shown clearly by an increase in Sherwood as a
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function of Graetz number (Figure 7.19). Very small differences were observed between 

the two sets of data indicating that the mass transfer model developed in the current 

study is likely to give accurate predictions. This gives a good prediction of the 

performance of the system if  wetted mode of operation was used. Under such operating 

conditions the pores of the membrane are filled with liquid absorbent resulting in 

increased mass transfer resistance across the membrane pores due to a decreased 

diffusivity in the liquid phase. Hence a decrease of Sherwood number with increasing 

Graetz number would be expected.
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Figure 7.19 Sherwood number as a function of Graetz number describing the absorption of pure 

C02 in water. Comparison of the current model with simulated results obtained in 

previous study on the absorption of C02 (Karoor, 1992).

The mass transfer model was also extended to pure SO2 absorption in water. Due to 

limited information available in literature only results of the current study are presented. 

The simulated data for SO2 were compared with those obtained for CO2 and H2S in 

order to study the performance of the different systems under the same operating 

conditions (Figure 7.20). The mass transfer results for the three systems showed a linear 

increase of the overall mass transfer coefficient as a function of gas flow rate. In the
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case of H2S, an increase in the mass transfer coefficient up to an order of magnitude was 

observed. CO2 and SO2 coefficients were found to be in the same range indicating that 

the difference between the three systems is in the controlling phase of the mass transfer. 

The control of the process is therefore dominated by the solubility of the diffusing 

compound. For low solubility gases such as SO2 and CO2, H  is small and the liquid side 

resistance controls. However, for highly soluble or reactive gases (H2S), the liquid 

resistance becomes negligible and the overall rate is controlled by the resistance through 

the gas phase and the membrane.
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Figure 7.20 Overall mass transfer coefficient as a function of gas flow rate. Extension of the 

mass transfer model to other systems (S02 and C02).

The simulated results for the three systems were further presented in a fashion of 

Sherwood versus Graetz numbers (Figure 7.21). Much higher Sherwood numbers were 

observed for H2S when compared with CO2 and SO2 systems. This is the result of the 

controlling phase of the system. For instance, even though the solubility of SO2 in water 

is high, the reaction is not fast enough to make the membrane resistance negligible. 

Hence the variation in the Sherwood numbers for the different systems may be due to
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type of the chemical reaction that is occurring in the liquid phase. For the systems (H2S- 

H2O, SO2-H2O, CO2-H2O) studied the amount of H2S scrubbed under the same 

operating conditions was much higher compared to that of SO2 and CO2 respectively. 

This is due to the instantaneous chemical reaction that H2S undertakes when it comes in 

contact with water. Although SO2 and CO2 react in water the rate of reaction is several 

orders of magnitude slower than that of H2S. Hence the absorption of H2S by water is 

enhanced by the chemical reaction that occurs in the liquid phase.
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Figure 7.21 Sherwood number as a function of Graetz number. Extension of the H2S model to 

C02 and S02.

It should be mentioned however that the mass transfer model used in this study assumes 

that the chemical reaction of H2S with water occurs at the boundary of the inner 

membrane wall. This is a valid assumption since the system operates at steady state and 

the reaction of H2S in water is instantaneous. This is in contrast with previous studies 

(Karoor and Sirkar, 1993; Kreulen et al., 1993) in which the mass transfer problem 

describing the absorption of various gases was solved by adding the reaction term in the 

liquid phase mass balance equation. This could invalidate the assumption of steady state 

since a change in the concentration over time is expressed by the rate of reaction. 

According to the above research groups, steady state was assumed at every iteration
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step. An observation of the model development applied in those studies and the mass 

transfer model applied in this study indicates that using the current model convergence 

is much faster when the chemical reaction term is added in the membrane boundary. 

This can be seen from Figure 7.19 where the results of the current model and the model 

applied by Karoor, (1992) are presented. At the same operating conditions, even though 

the results of the two studies are close, the current model gave slightly higher values in 

the case of pure CO2 absorption.
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8 Overall summary

Microporous membrane-based gas absorption processes have been a promising 

alternative to the traditional absorption technologies. Absorption for acid gas cleanup 

using hollow fibre membranes has been studied by several research groups (Qi and 

Cussler, 1985; Ogundiran et al., 1988, 1989; Sirkar, 1992). These studies have been 

focused on the absorption of gases using various solvents and aqueous solutions in HF 

microporous hollow fibre devices. The main topic of this study is the removal of H2S 

from gas streams within single passage or using a recycle stream through a HF hollow 

fibre membrane module. The impact of the flow rate (gas and liquid), velocity, 

concentration and pH on the system’s performance have been investigated 

experimentally and numerically.

Influence o f the dissociation reaction on the absorvtion process

It is important to understand the differences in the absorption process imposed by the 

dissociation reaction kinetics of different gases. This difference was facilitated by the 

study of H2S and CO2 absorption using membranes. There are two main reasons for this 

difference. The reaction between CO2 and OH' is not an ionic reaction, and hence its 

rate could be considered as infinite as it can be compared to the rate of the diffusion 

process only in cases when the concentration of OH' is substantial. But in such system, 

no chemical equilibrium holds between the interface and the reaction plane where the 

reaction between the CO2 and the hydroxide solution is very slow and CO2 coexists 

with CO3 ' ions. In contrast, in the dissociation reaction of H2S, the second ionisation 

constant is much lower than the dissociation constant of H2CO3, resulting in the 

production of the acid salt NaHS, even if  excess hydroxide is present. The absorption of
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H2S in hydroxide solutions is classified as absorption accompanied by an instantaneous 

chemical reaction between the hydrogen sulphide and the hydroxyl ions. Consequently, 

the differences between the two processes are because CO2 absorption requires an initial 

reaction in order to become an acid, while H2S is already an acid (Astarita and Giola, 

1964). The above argument proves the critical influence of the dissociation reaction 

kinetics in the absorption process.

Influence o f operating variables on the absorption process

The experimental studies showed that the HF microporous hollow fibre membrane 

module used in the present work can effectively remove H2S at high levels. The impact 

of several variables on the performance of the system has been investigated, with the 

gas phase velocity and the water pH being crucial components. Variables such as 

concentration and liquid phase velocity were less significant on the system’s overall 

performance. There have been only certain cases where such parameters could have 

some significant impact. For instance, the liquid phase velocity became significant 

when the system operated at very low H2S concentrations (24ppmv). The removal 

efficiency of the system was affected by the gas and liquid velocities at relatively low 

pH values (<9). This impact became insignificant at higher pH values (>9). The 

performance of the system (in terms of removal efficiency) depends on the solubility of

H2S in hydroxide solutions. The dissociation of H2S in alkaline environment produces
2 2 • non odorous products (HS' and S ‘) with a concentration ratio ([HS"]/[S ’]) depending

on the pH of the solution. Hence, the efficiency of the system depends on the alkalinity

of the solution in which H2S is diffused. Of major importance was the membrane

resistance contribution on the overall resistance to mass transfer. H2S transfer is a gas

phase controlled process. Experimental observations at very high gas flow rates showed

that there is a limit beyond which the impact of the gas velocity becomes insignificant

and where the membrane resistance starts to control the process.

Modelling the membrane gas absorytion process

A finite difference discretisation scheme was adopted for the solution of the set of mass 

balance equations describing the problem. The equations were discretised using a 

general formulation where a parameter 0 could be set in the [0 ,1] interval; 0=0
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signifying the fully explicit scheme and 0=1 signifying the fully implicit scheme. After 

several trials the fully implicit backward difference scheme was chosen as optimum for 

the specific problem. The main advantage of the implicit over the explicit scheme is the 

small number of spatial points required for obtaining a stable solution. This leads to a 

solution of the numerical problem with much less computational time. Since the 

reaction of H2S is an instantaneous reaction and steady state operation was assumed, the 

reaction term was expressed in the membrane boundary condition (equation 6.50). The 

inclusion of the reaction term in the boundary equation simplified the mass balance 

equation in the liquid phase. This treatment is valid for both fast reacting systems, such 

as H2S, and slow reacting systems, such as CO2, since the interest of this study is in the 

final steady state solution of the model and not in any transient result.

Recycle

The addition of a recycle stream into the system reduced the removal efficiency of H2S 

as expected. Since the transfer of H2S is enhanced at relatively high pH values the 

introduction of the recycle in the system decreased the pH and thus slowed down the 

transfer process. In such case the pH cannot be controlled in a simple way due to the 

continuous addition of acid in the liquid. A rapid drop of the initial pH value is observed 

at relatively high pH values which it eventually reaches a natural balance (-7.5). This is 

in contrast with single pass absorption where high pH values can be used enhancing the 

rate of mass transfer. Therefore, it can be concluded that the benefit of using the outlet 

stream as recycle is countered by the necessity of some controlling mechanism for 

balancing the pH value of the liquid.

Comparison o f the membrane absorption process with conventional technologies 

The membrane gas absorber used in this study was compared with conventional 

equipment. The hollow fibre membrane and an activated sludge diffusion system were 

considered as characteristic processes for chemical and biological treatment of waste 

gases. The comparison of different abatement technologies showed that all the processes 

can effectively remove H2S. The rate of transfer is significantly improved if  a reaction 

takes place in the liquid phase reducing or removing the liquid side resistance to mass 

transfer. The reaction can take the form of a biological or a chemical transformation of
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the sulphur species. Comparison of the systems suggests that processes driven by 

chemical reaction can treat H2S at much higher rates. This is the result of two factors: 1) 

the type of reaction (chemical or biological) that occurs in the liquid phase and 2 ) the 

operational constraints. For instance biological systems can not operate over a wide 

range of pH values because of the bioreactor specifications.
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9 Suggestions for further work

The present study showed that the HF hollow fibre membrane module used is 

particularly suitable for purification purposes such as the removal of H2S from various 

contaminated gas streams. Experimental and numerical studies describing the 

absorption characteristics of the membrane module were completed within a range of 

liquid pH values between 7 and 13. H2S absorption as a physical process has been also 

introduced but only limited information is available. Studies on the absorption of H2S 

within single passage through the membrane in the range of liquid pH values between 1 

and 6  could be carried out to study the behaviour of H2S under acidic conditions and the 

chemistry and the kinetics of H2S in acidic environment.

No study has been proposed previously describing the absorption of waste gases using 

recycle. In the current study, an introduction to the absorption of H2S with recycle has 

been made. The use of the recycle in membrane gas absorption can be advantageous 

compared to single pass absorption is the sense that much less amount of water is 

required for the absorption of the odorous components since the same amount of water 

is recycled into the system, resulting in lower costs of operation. Although recycling in 

membrane gas absorption of waste gases can be beneficial in a way, it faces several 

problems associated with the performance of the system some of which are mentioned 

here. There is a difficulty in controlling the liquid pH in a simple way as with single 

pass absorption due to the continuous addition of acid into the system that results in 

reduction of the initial water pH. Hence, when a recycle stream is used, some kind of 

controlling mechanism should be used for balancing the liquid pH. Another problem 

associated with the use of recycle is the requirement for large amounts of gas to be used.
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Even though, the reduction in the liquid absorbent volume would reduce the time 

required for the liquid to be saturated still large amounts of gas compared to those of 

single pass absorption are required.

Only limited performance data have been provided on recycling of H2S through the HF 

membrane module used. The study under investigation was focused on the performance 

of the system at various alkaline liquid pH values. Experimental measurements have 

been conducted at constant gas and liquid flow rates with varying the liquid pH from 7 

to 13. It is suggested that further studies on the membrane gas absorber could be 

focused on the effect of the gas and liquid flow rates on the system’s performance. 

Furthermore, the system could operate under acidic conditions in order to study how 

high the performance of the system is likely to be achieved.

H2S absorption as a physical process has been modelled previously but only limited 

information is available. Membrane gas absorption for H2S removal in the case that a 

chemical reaction is involved is one of the goals of this study. The current mass transfer 

model could be further applied for the solution of more complex problems where a 

second order or third order chemical reaction is involved.

Further experimental and numerical studies could be completed with the membrane gas 

absorber operating in the wetted mode. By filling the pores of the membrane module 

with liquid absorbent, the membrane resistance to mass transfer would increase as the 

liquid offers additional resistance to the transport. This is a way of investigating the 

performance of the system by varying the operating conditions.

The system studied included pure H2S and H2S -  air mixtures with the liquid absorbent 

in both cases being pure water. A further step to this study could be the use of 

alternative absorbents for H2S absorption.
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10 Conclusions

The main conclusions drawn from this study are the following:

HoS removal -  single vass H?S absorption

• The removal efficiency of H2S upon single pass through the HF hollow fibre 

membrane is strongly dependent on the initial water pH. Hence, the influence of 

the initial water pH is crucial in determining the system’s performance.

• H2S removal is dependent on gas and liquid flow rates at relatively low liquid 

pH values. At high pH values the impact of the gas and liquid flow rates on the 

removal of H2S becomes insignificant.

The relationship between the liquid pH and the removal efficiency indicates that the 

performance of a process driven by a chemical reaction in the liquid phase is altered by 

pH variation.

Imvact o f operating variables on mass transfer

• The impact of the liquid phase velocity on the performance of the single pass 

hollow fibre membrane is significant only at very low gas concentrations.

• The influence of H2S concentration on the system’s performance becomes 

insignificant at relatively high pH values.

• The performance of the membrane gas absorber for H2S removal is strongly 

dependent on the gas phase velocity and the water pH.
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• Analysis of the mass transfer results shows some contribution of the membrane 

resistance on the total mass transfer resistance, which becomes significant at 

high gas flow velocities.

• Despite the introduction of an additional membrane resistance, the use of MGA 

for H2S removal minimises problems associated with flooding, foaming and 

loading, commonly presented in conventional technologies.

• Analysis of experimental and numerical data reveals that the system fits a 

classical Sherwood -  Graetz correlation with adjusted constants to reflect the 

impact of the water pH.

• The rate of H2S transfer is a gas phase controlled process. Overall, the transfer 

process shifts from gas phase to membrane phase controlled with increasing the 

gas phase velocity or decreasing the water pH.

Of great importance in the transfer of H2S through a hollow fibre membrane is the 

controlling phase of the process and the operating conditions.

Recycle

• The performance of the system with recycle depends on the initial water 

chemistry.

• The rate of H2S transfer within recycle is much slower than that obtained within 

single passage through the membrane resulting from the complexity of the 

chemical reaction that occurs in the liquid phase by the continuous addition of 

acid.

Major modifications (recycling) could alter the performance of the system and reduce 

its efficiency significantly.

Comyarison o f MGA with conventional technologies

• Comparison of the different abatement technologies shows that both chemical 

and biological processes can effectively remove H2S at high rates. The rate of 

transfer is significantly improved if a reaction occurs in the liquid phase,
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reducing or removing the liquid phase resistance to mass transfer. Comparison 

between chemical and biological systems shows that processes driven by a 

chemical reaction can treat H2S at much higher rates.

• The membrane gas absorber offers higher Kga values than those obtained in 

conventional equipment, resulting from the higher contact area which remains 

unchanged with changes in the operating conditions.

Mass transfer can be applied as a method of comparing the various options available for 

odour abatement as it addresses all the technologies in a consistent way.

MGA modelling

• The mass transfer model developed in this study predicts accurately the desired 

results. The results of the model simulations are in agreement with the 

experimental observations with a maximum deviation in most cases of ~ 1%.

• The results of the simulation show much higher removal efficiency when pure 

H2S is absorbed compared to the values obtained for H2S absorption from its 

mixtures in air. A difference of approximately 5% is observed for the range of 

all the liquid pH values examined.

Mass transfer modelling could be used in odour control from wastewater treatment 

plants. Generic models describing the absorption of H2S from gas streams using a 

hollow fibre membrane could be applied for acid gas cleanup by changing the fluid 

properties.
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Appendix A: Model implementation in Microsoft® Excel

The mass transfer model used in the current study to describe the absorption 

characteristics of a hollow fibre membrane module is shown in Figures A.1-A.3. The 

model has been developed by solving the governing differential equations in the gas, 

liquid and membrane phase simultaneously. Due to the complexity of such problem, 

there is not analytical solution hence a numerical technique has been applied. Finite 

difference discretisation has been used as the method of solution of the partial 

differential equations.

Simultaneous solution of the partial differential equations has been obtained using an 

iterative method applied by excel. The model uses as a starting point the entrance of the 

tube i.e. z=0. At this point an initial value of H2S concentration is set. The concentration 

of H2S in every other point along the radius at z= 0 is set to zero resulting from the fact 

that the system operates at steady state. No variation in the concentration as a function 

of time is observed.

Equation (6.91) is valid at every point in the gas phase. At the outer wall of the 

membrane equation (6.93) applies. Using the value of the concentration obtained using 

equation (6.93) the concentration of H2S at the membrane phase is evaluated. At the 

membrane phase equation (6.82) is valid. At the inner membrane wall two conditions 

apply. Since the reaction of H2S in water is instantaneous, it occurs at the boundary of 

the membrane wall. At the inner wall of the membrane Henry’s law applies. 

Applicability of Henry’s law is described using equation (6.96) while the effect of the 

chemical reaction in the system using equation (6.97). The value obtained using
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equation (6.97) is then used to calculate the concentration of H2S in the liquid phase. 

The liquid phase profile is solved using equation (6 .8 8 ). Finally at the centre of the 

membrane the concentration of H2S is evaluated. The conservation equation for the 

liquid phase was also solved for HS‘ and S2\  In this manner using one pivotal value all 

the unknown pivotal values are evaluated.

The iteration of the solution was carried out manually by pressing F9. Initially the 

program was set to 1 0 0 0  iterations but more iterations were carried out until 

convergence was obtained. The same procedure was repeated for all the cases studies. 

The model can also be applied for the absorption of other gases by changing the input 

parameters. In the current study CO2 and SO2 absorption in water has been modelled. It 

should be mentioned however, that the program allows easy access for the user to 

modify it or apply it to the necessary need of the application. It is compulsory for the 

user to input data relevant to the operating conditions. Once the program runs 

successive data is recorded on the screen.
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Appendix B

Appendix B: Note on Bessel functions

This section presents some of properties of the Bessel functions which have been 

required in Chapter 7 for the analytical solution of the heat problem. The Bessel 

function of the first kind is defined by J v (z) and is expressed by the equation:

. y+2 r

-  < - * ( H
rir(v + r + l) ^ A)

where, v is real andf z may be complex, its argument being given its principal value. 

The Bessel function J v{z), derived by equation (B.l) satisfies equation (B.2) which is 

of order v and is known as Bessel’s equation.

d2y  1 dy
—JT + ~ i r  + dz z dz

y  = 0 (B.2)

In the case that v is not an integer, Bessel functions / v(z)and J_v(z)are independent

solutions of equation (B.2) but in the case that vis an integer n then Bessel function is 

expressed by the following equation:

J„(z) = ( - l ) ”J „ ( Z) (B.3)

The modified Bessel equation is given by:
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d2y  | l dy
dz2 z dz

( y>\

vV z J
y  = 0 (B.4)

The Bessel function of the second kind that satisfies equation (B.4) is expressed as 

follows:

\  v+2 r

NJ (-) V  U )
' ~ h r\r{y  + r +  \)

(B.5)

If vis not an integer, I_v (z)is an independent solution of equation (B.4) described 

above.
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Appendix C: Derivation of equation (7.14)

The mass balance equation in the case of MGA using recycle is given by the following 

equation:

A  \ c AdV+ \ c A{vA -w )idA  = 0 (C.l)
dt vl) i )

Assuming that there is no mass transfer of species A at the interface:

(va ~ w )n ~  0  (C.2)

Under these circumstances equation (C.l) is simplified to:

~T jCAdV+ fCAvAndA= 0 { c .3)
at v ^

Where Ae represents the area of both the entrance and the exit. The use of the traditional

assumption for entrances and exits, vA • n = v • n , along with the flat velocity profile

restriction allows equation (C.3) to be written as:

J f l CA v + l(CA)2Q-{CA)lQ=0  (C.4)
UL y A
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Here, (C*) and{CA)2represent average concentrations at both entrance and exit 

respectively. The volume average concentration can be defined by:

Ca) = \ \ CA V  (C.5)
V  V

Substitution of equation (C.5) into equation (C.4) yields:

V̂ =(Ca\Q-(Ca)2Q (C.6)

d (CA)
whereV — is the rate of accumulation of species A, \CajxQ is the rate at which

species A enters the control volume and(C ^ Q the rate at which species A leaves the 

control volume respectively. But the volume average concentration in the tank 

(CA) equals the average concentration in the effluent(CA)2. This assumption is valid

based on the fact that the difference between the two concentrations is very small so it 

could be neglected.

Hence, equation (C.6) can take the form:

V ^ + ( C a)Q={Ca\ Q  (C.l)

Dividing equation (C.7) by the volumetric flow rate yields:

d (CA}
dt ■ + (Ca) = {Ca\ (C.8)

where, r is the average residence time and it can be defined as follows:
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V
T = — , (C.9)Q
Taking in consideration that the average concentration of the gas at the entrance (C^)

undergoes a sudden change from CA to C\ , it is important to determine how the

concentration in the tank (CA) changes as a result of this change in the inlet

concentration. The initial value problem associated with the sudden change in the inlet 

concentration is given by

T ^ -  + {CA) = C\ , t>Q  (C.lOa)

(C ,) = C ,V  = 0 (C.l Ob)

Equations (C.lOa, b) are consistent with the situation in which the inlet concentration is 

fixed at CA to C\ at t=0.

Using separation of variables, equation (C.lOa) becomes

( c n )

The integrated form can be expressed as

*i = (c a )  j  4 = t

J  i r e = ~ x ~' f t  (C A 2)T]=C0A v ^ a g=o

where 7} and  ̂ are the dummy variables of integration. Integration of equation (C .l2) 

yields:
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In
(Ca) -C 'a

C°a -C'a
(C.l 3)

which after rearrangement takes the form:

(CA} = C'A+(c°A -C 'A)e-',r (C.14)
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