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Abstract
Hydrogen sulphide (H2S) and ammonia (NH3) are often simultaneously emitted

from various industrial processes. Biofiltration has been well known as an

effective odour control technology for these compounds which are associated

with environmental problems and health risks. However, there have been little

studies of the mechanisms for simultaneous removal ofH2S and NH3.

In this two-stage study, a novel system was developed for the elimination of

contaminated air loaded with H2S and NH3 mixture. In the first stage, a

preliminary study was conducted to investigate the feasibility of using waste

materials from coal power plants (i.e. coal slag) and landscapes (i.e. wood chip

and compost) as packing media in biofiltration systems for odour control. Coal

slag and the trickling operation mode were selected for further in-depth study

based on their best removal efficiency.

In the second stage, the optimized biotrickling system packed with coal slag was

employed to investigate the effects of operating parameters on the treatment

performance of H2S and NH3 removal. Superior single H2S removal efficiency

(over 99%) at concentrations of up to 100 ppm was achieved at an EBRT of as

low as 5 s, which is shorter than most previously reported removal efficiencies

for biofiltration systems. For individual H2S removal without pH control, the

critical loading significantly decreased from 153 g/m3/h to 40 g/m3/h. Excellent

NH3 removal efficiency was achieved at the loading below 108.4 g/m3/h (i.e. 350

ppm). For simultaneous removal, outstanding H2S (98.5%) and NH3 (99.9%)

removal efficiencies were obtained at loadings of up to 120 gH2S/m3/h and 80

gNH3/m3/h, respectively.
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The results of products analysis revealed that the metabolic products of sulphide

and ammonia oxidation were dependent on inlet loadings. In sulphide oxidation,

elemental sulphur and sulphate were the most abundant by-products at high and

low inlet loadings, respectively. For ammonia removal, half of the introduced

NH3 was oxidized to nitrate and the rest was converted to ammonium ion at low

loadings, while nitrite and ammonium ion were predominant at high loadings.

However, for the simultaneous elimination of H2S and NH3, the main metabolic

end-products were elemental sulphur and nitrite at most studied cases under the

relatively high H2S (> 100 g/m3/h) and NH3 (> 80 g/m3/h) loadings.

The reactor SIze could be estimated usmg kinetics parameters that were

determined from the modified Michaelis- Menten model. The result demonstrated

that less than 10 s were required for excellent removal of H2S and NH3.

Microbial community dynamics were investigated using both culture- and

molecular-based methods. The occurrence and predominance of specific bacterial

species varied with the operating conditions in the system.

The optimized biotrickling filter was demonstrated to be a feasible and

economical alternative for the simultaneous odour removal. There were no

common operating problems, such as clogging and compaction, in the operation

for more than two years. The results of this study could be used as a guide for the

further improvement in the design and operation of industrial-scale odour

treatment systems. In the meantime, the disposal burden of waste residues from

coal power plants could be alleviated by recycling the coal slag as packing

materials for odour control purposes.
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Chapter 1 Introduction

1.1 Background

Odour control is a growing concern in wastewater treatment and many industrial

processes including composting, food processing, petrochemical refining, and

paper manufacturing (Bus ca and Pistarion, 2003; Syed et aI., 2006; Ho et aI.,

2008). Among the thousands of odorous contaminants, H2S and NH3 in waste

gases draw special attention due to their very low odour threshold concentrations,

high toxicity, and potential corrosive effect (Stuetz and Frechen, 2001; Lee et aI.,

2005; Chung et aI., 2007).

Conventional odour control technologies including activated carbon adsorption,

ozone oxidation, incineration, and scrubbing are cost intensive for treating

diluted waste gas streams. They are also either physical or chemical processes,

transforming the odorous contaminants from one phase to another. To provide an

effective and economical option for odour control, there is an increasing support

for the application of biofiltration technology in the past few decades (Kennes

and veiga, 2001; Shareefdeen and Singh, 2005).

Biofiltration is becoming widely accepted due to its high removal efficiency at

low concentrations, moderate capital costs, and very low maintenance costs. In

particular, biofiltration is often applied in the treatment of odorous emissions

arising from wastewater treatments and industries. This is mainly due to (i) the

complexity of the contaminants, (ii) the low concentration of the contaminants,

and (iii) the high flow rates to be handled (Van Groenestijn and Kraakman, 2005;

Shareefdeen and Singh, 2005). This technology is also effective and applicable in



waste gases from different emissions sources (Iranpour et aI., 2005). Although

H2S and NH3 are the most common odorous pollutants in many industrial

practices, the simultaneous removal of H2S and NH3 in a biofiltration system has

not been well studied, especially in a biotrickling reactor (Chung et aI., 2005).

1.2 Biofiltration

1.2.1 Removal mechanisms

Biofiltration is a technology based on the activities of microorganisms

immobilized into the form of a biofilm on a stationary packing medium. The

packing medium provides the bacteria with a favourable environment for their

growth and development. The mechanism ofbiofiltration is comprised of a series

of processes beginning with the mass transfer of contaminants from the gaseous

to aqueous phase, the adsorption to the medium or absorption into a water layer,

and finally, the biodegradation of contaminants within the biofilm (Rittmann and

McCarty, 2001; Shareefdeen and Singh, 2005).

During the biofiltration process, a waste gas stream is passed through a

biologically active medium under aerobic condition. Odorous contaminants are

transferred from gaseous phase to a thin layer of biofilm containing sufficient

microorganisms attached to the surface of the packing medium. Then the mass

transfer of contaminants consists of two steps. The first step is the diffusion from

the air into the water layer. It is governed by Herny's Law, which states that the

concentration in the water is proportional to that in the air at equilibrium (Perry

and Green, 1997). The second step is the mass transfer of the pollutant through

the water layer to the biofilm. Subsequently, the microorganisms in the biofilm

break down the adsorbed or absorbed odorous pollutants into by-products such as
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carbon dioxide, water, inorganic salts and biomass (Devinny et aI., 1999; Burgess

et aI., 2001; Easter et aI., 2005). Different bacteria can be responsible for the

oxidation of organic carbon to carbon dioxide; the conversion of nitrogenous

compounds to nitrite and nitrate; and the biodegradation of sulphur-containing

compounds to elemental sulphur and sulphate (Sun et aI., 2000; Chung et aI.,

2001; Yu et aI., 2007; Galera et aI., 2008).

There are three common designs of the biofiltration system, including biofilters,

biotrickling filters and bioscrubbers. They are distinguished and classified

according to the presence or absence of a packing medium and a mobile liquid

phase. Biofilters and biotrickling filters are characterised by the use of filter beds

with attached biofilm, contrary to the bioscrubber where suspended biomass

develops in a separate reactor (Burgess et aI., 2001; Shareefdeen and Singh,

2005).

1.2.2 Operating problems of biofiltration

Although effective removal can be achieved by biofiltration, the design criteria

of a biofiltration system are still being developed. The packing media are

required regular replacement and several operating problems are inherent.

Biofilters often face the problems of acidification, aIr channelling and

compaction of compost-based media (Syed et aI., 2006; Taghipour et aI., 2008).

A potential problem recently encountered when using inert filter beds is the

heterogeneous distribution of biomass on the media. The accumulation of excess

biomass in biotrickling filters treating high loading rates frequently causes the

clogging of filter bed and eventually deteriorate the treatment performance
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(Kennes and Veiga, 2002; Iranpour et aI., 2005). Bioscrubbers are difficult to

treat hydrophobic odorous contaminants (Koe and Yang, 2000; Shareefdeen and

Singh, 2005).

Each biofiltration system has to be specifically designed and adjusted to treat the

influent contaminants. Clogging of the filter could be also caused by clumping

due to drying. Air channelling occurs when gas stream passes through a filter bed

without contacting any of the microorganisms in the biofilm. Channels may be

formed due to dry cracking, compaction, or non-uniformity of the packing

medium. These operating problems require the frequent replacement of

supporting materials, resulting in the temporary shutdown of the system and high

maintenance costs (Burgess et aI., 2001).

Moreover, the large footprint of biofilters limits their widespread application in

industrial processes. Biofilters have a large space requirement for installation and

are less effective for high concentrations of pollutants (Easter et aI., 2005; Van

Groenestijin and Kraakman, 2005). Optimization of process design is essential to

the sizing of systems.

1.3 Objectives and significances of the present study

This study aims to develop a biofiltration system using recycled wastes as

supporting media for the simultaneous removal of H2S and NH3. The specific

objectives of this research are as follows:

1. To determine the physico-chemical characteristics of different waste

materials and select the potential materials for the performance study;

2. To design the treatment system for simultaneous H2S and NH3 removal with
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an optimum balance of adsorption capacity and microbial activity;

3. To evaluate and understand the fundamental removal mechanisms of H2S

and NH3 in the optimized system;

4. To establish mass balances for H2S and NH3 oxidation through metabolic

products analysis; and

5. To study the removal kinetics and shifts of the bacterial community at

various operating conditions using both culture- and molecular- based methods.

There is lack of fundamental studies on the removal mechanisms in biotrickling

filters for the treatment of odour mixture (Chung et aI., 2005;Yu et aI., 2007). A

biotrickling filter packed with waste materials was designed for the simultaneous

removal of H2S and NH3 in this study. The findings of this study formed a

fundamental understanding on biotreatment processes. An in-depth study on the

metabolic by-products and the bacterial community also provided the useful

information on the process optimization. Moreover, the technology developed

under this study would not only alleviate the pressure to waste disposal facilities,

but also minimize environmental degradation through the extraction of natural

materials from wastes. This eventually makes the waste residual from coal power

plants a truly environmentally friendly material that could be used as a substitute

in biofiltration technology for odour control.

1.4 Thesis outline

Chapter I introduces the research background and the needs for simultaneous

treatment of mixed odorous gases. It also outlines the objectives and the

significance of this study.
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Chapter 2 presents a preliminary study on the selections of the appropriate waste

materials and the operating mode based on ammonia treatment performance.

Chapter 3 summarizes the results of the adsorption capacity of the potential

recycled wastes and the growth kinetics of selected autotrophic microorganisms.

In Chapter 4, an optimized system was designed according to the results obtained

in Chapters 2 and 3. The removal mechanisms of the lab-scale reactor were

determined at various operating conditions. The effects of concentrations, EBRT,

loading rates, and pH control on the H2S removal were systematically studied.

The effects of the coexistence of H2S and NH3 in the gas stream on treatment

performance and process stability were also evaluated.

Chapter 5 establishes the mass balances of the sulphur and nitrogen oxidation

processes. The major metabolic products were identified and their inhibition

effects were also evaluated. H2S and NH3 removal kinetics analyses were

conducted to predict the maximum removal rate and the saturation constant for

the biotrickling filter. The shifts in the microbial community were also

investigated under various conditions.

Finally, Chapter 6 presents the summary of results and the conclusions of the

study, as well as recommendations for further research.
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Chapter 2 Preliminary Studies

2.1 Introduction

Ammonia (NH3) is emitted as a byproduct of different industrial processes, such

as wastewater treatment, composting, livestock production, farming,

petrochemical refining, metal manufacturing, food processing, paper and pulp

manufacturing, and textile industries (Hong and Park, 2005; Pagans et aI., 2005;

Gabriel et aI., 2007). NH3 is characterized as a colourless, toxic, reactive and

corrosive gaseous pollutant with a strong and repulsive smell (Kim et aI., 2000a;

Busca and Piostarino, 2003a; Gostelow et aI., 2003). Its emission causes

significant odour problems. At the very minimum, it is a public nuisance. Worse,

it poses some serious environmental problems. Various literatures have also

elaborated on the health effects of NH3 on human beings. It has been reported

that exposure to NH3 above 1 ppm could cause nausea, headaches, bronchial

tracts irritation and burning sensation in the eyes and skin (Taghipour et aI.,

2008). Under the fact that NH3 is known to cause several adverse effects, it is

crucial to control ammonia emission to protect public health and the

environment.

The conventional treatment methods of reducing ammonia exposure are based on

physical and chemical processes, such as adsorption, scrubbing and chemical

oxidation. Unfortunately, these are expensive and produce secondary waste that

may reqUIre further treatment or disposal, thereby creating additional

environmental problems (Busca and Piostarino, 2003a). Biofiltration is an

emerging technology for the control of odour from contaminated air streams

(Shareedfdeen and Singh, 2005). Studies suggest that compost-based biofilters
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are the most cost-effective for low concentration ammoma removal in the

agricultural industry due to their low operating and maintenance costs. Other

supplementary materials (e.g. wood chips) are commonly added to reduce

pressure drop and provide a solid phase buffer (Liang et aI., 2000; Kastner et aI.,

2004).

The pnmary mechanism of biofiltration is the heterogeneous biochemical

process controlled by either mass transfer or biochemical reaction or both.

Pollutants are transferred from the air to the water layer or to the biofilm attached

on the packing media by adsorption or absorption. The sorbed contaminants in

the biofilm are degraded by microorganisms into carbon dioxide, water, biomass

and energy (Elias et aI., 2002; Duan et aI., 2006; Kim et aI., 2007; Pagans et aI.,

2007a; 2007b).

The main functions of the packing media are to provide contact between the

gaseous contaminants and the active biofilm, and to distribute water and nutrients

on the packing surface (Devinny et aI., 1999; Cohen, 2001; Shareedfdeen and

Singh, 2005). Biofilter performance and cost are affected by the media

characteristics, such as surface area, mechanical properties, buffer capacity,

nutrient availability, porosity and water retention capacity; hence, providing an

ideal environment for microbial growth (Hirai et aI., 2001a; 2001b; Andres et aI.,

2006). Therefore, the selection of suitable supporting materials and operating

mode are important aspects of a successful biofiltration process. In order to

maintain an active microbial community and to ensure maximum treatment

performance, the effective packing material should possess the following

characteristics: high water retention capacity, high porosity, high buffer capacity,
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high available nutrient content, diverse and adaptable microorganisms, high air

permeability, durable, and low cost (Elias et aI., 2002; Kim et aI., 2007; Jeong et

aI., 2008).

There are three general classifications of media, namely: natural, inert and

synthetic. The main difference between natural material and the other two is that

natural materials naturally contain microorganisms dispersed within the medium,

rather than as a distinct biofilm on the surface and within the pores. On the other

hand, active bacteria are not inherently present in inert and synthetic media; thus,

these should be inoculated before application (Devinny et aI., 1999; Kennes and

Veiga,2001).

Natural materials, including peat, soil, and compost, are generally chosen as

biofilter media because they are inexpensive and have a wide diversity of

indigenous microorganisms (Elias et aI., 2002; Gracian et aI., 2002; Andres et aI.,

2006; Pagans et aI., 2007a; 2007b). In addition, several research studies have

revealed that natural packing materials provide superior performance in ammonia

treatment (Liang et aI., 2000; Gracian et aI., 2002; Park et aI., 2002; Pagans et aI.,

2005). Other studies have suggested that nutrient supplements are not necessary

for biofilters packed with compost given that they contain sufficient sources of

organic carbon and nutrients (Kim et aI., 2000a; Lee et aI., 2001). Nonetheless,

natural-based biofilters are often plagued by common operating problems, such

as compaction and decomposition, hence resulting in high pressure drop and air

channeling.

In general, the odorous gas is vertically introduced into the biofilter. More air
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passes through certain parts of the filter with higher air permeability, resulting in

an insufficient utilization of volume and reduction of treatment efficiency (Wu et

aI., 1999; Cohen, 2001; Woertz et aI., 2002; Taghipour et aI., 2008).

Common inert materials used in biofiltration include glass beads, perlite and

porous ceramics. Inert materials are difficult to compact. Moreover, they

maintain a stable composition during long-term operation. Consequently, they

could be used as an alternative to natural media (Kim et aI., 2000a; Hirai et aI.,

2001a; 2001b). However, their wide application is stifled due to high material

costs and nutrient deficiency. Recently, the use of mixed natural and inert

packing materials has been proposed in order to provide higher porosity and

better air distribution, and to prevent compaction and crack formation (Zilli et aI.,

2001; Pagans et aI., 2005).

Different natural and inert packing materials have been successfully applied in

biofiltration systems (Kim et aI., 2000a; Ramirez-Lopez et aI., 2003; Pagans et

aI., 2007a). Likewise extensive studies have focused on the selection of filter

materials, and on the optimization of reactor design and operating criteria to

obtain efficient ammonia removal in biofiltration systems. However, it is difficult

to evaluate the efficiency of various filter materials, because the simultaneous

comparison of natural and inert packing media has not been clearly determined

under the same conditions. In addition, most studies have only focused on the

ammonia treatment performance of conventional biofilters packed with natural

materials such as compost and wood chips (Hirai et aI., 2001a; 2001b).

Furthermore, there are only limited studies on inert packing materials and

trickling operation.
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In our recent study, an attached growth bioreactor packed with coal slag, a waste

residue from coal power plants, was successfully utilized for domestic

wastewater treatment both in bench and pilot scale experiments, indicating that

coal slag is a viable supporting material for biofilm attachment and long-term

operation (Chan et aI., 2008a; 2008b; 2008c). The relatively high adsorption

capacity of coal slag is also an advantage in the biotrickling filter.

2.2 Objectives

The aim of this study is to determine the feasibility of using recycled waste as

packing media in biofiltration systems for odour treatment. In the first stage, a

number of physico-chemical characteristics of the waste materials were

examined, including particle size distribution, density, porosity, pH, moisture

content, carbon to nitrogen ratio, and organic matter content. In the second stage,

potential packing materials were selected for further investigation based on the

performance of ammonia removal. Moreover, different operating modes of

reactors, namely the conventional biofilter and the biotrickling reactor, were also

evaluated in terms of their capacities for ammonia removal.

2.3 Methodology

2.3.1 Experimental set-up

Biofiltration system

Tables 2.1 and 2.2 summarize the operating conditions used in this study. The

biofiltration system consisted of four conventional biofilters and one biotrickling

reactor, which were packed with selected waste materials and could be operated

independently of one another or as replicates. Reactor 1 was packed with 100 %

wood chips, while reactor 2 was packed with 50 % wood chips and 50% compost.
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Reactor 3 was packed with 50 % wood chips and 50 % coal slag, while reactor 4

was packed with 50 % wood chips and 50% coal slag, and mixed with activated

sludge. Reactor 5 was a biotrickling filter inoculated with acclimated activated

sludge, and packed with 100 % coal slag with a continuous nutrient supply.

Reactors 1-5 were constructed with cylindrical PVC plastic buckets with a

sealable lid. Each reactor had a diameter of 305 mm and a height of 380 mm. The

effective height of the packing medium was 204 mm, and the effective volume

was 14.8 1. The reactors consisted of top and bottom segments for gas entry and

exit. Furthermore, perforated plastic plates were installed as support for the

packing materials and to provide a good gas and liquid distribution. Figure 2.1

shows the schematic diagram of the biofiltration system. It has the same

dimensions as the other reactors. Reactor 5 consisted of a recirculation system

(101 nutrient tank + peristaltic pump (Masterflex, 7518-10) with an anti-clogging

sprinkler), a pH controller and a NaOH feeding tank. The recirculation liquid was

regularly replaced after each 7-d operation, in order to prevent accumulation of

toxic by-products in the reactor. The flow rate of odorous gas stream entering

each reactor was controlled and measured by five adjustable panel mounted

rotatmeters (CZ-3246-24, Cole Parmer).

The biofiltration system (Figure 2.2) consisted of a sampling system with six

solenoid valves (Parker, C3A) and a data log (personal Daq/56) and control

(Campbell Scientific Inc, 21X) system This ensured the monitoring of the inlet

and outlet ammonia concentrations, ambient temperature, temperature of each

reactor, and to control the mass flow controller in order to provide a steady

ammonia gas from a pure NH3 gas cylinder (S.I. Smith Co., USA). The air

distribution manifold was constructed with 5 mm PVC sheets and required
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fittings. It was 1 m long, 400 mm wide and 300 mm high. Several baffles were

installed to provide a stable and uniform inlet ammonia concentration for each

reactor. Additionally, a water bath was installed inside the air distribution system

as a humidifier. Water was continuously circulated using a peristaltic pump

(Masterflex, 77923-60). Throughout all the experimental runs, the reactors were

operated at room temperature of about 25°C.

No
No

Conventional

Conventional No Water 20 min per day

Conventional Mixed with Water 20 min per day

sludge

Trickling Inoculated Mineral Continuous

with sludge nutrient spraying

Conventional

Wood chips (100%)

Wood chips (50%) +

compost (50%)

Wood chips (50%) +

coal slag (50%)

Wood chips (50%) +

coal slag (50%)

Coal slag (100%)

Reactor 2

Reactor 3

Reactor 4

Reactor 5

Reactor 1

Table 2.1 Operating conditions used in the preliminary study for ammonia removal
Supporting materials Operating mode Inoculation Feeding Spraying

solution frequency

Water 20 min per day

Water 20 min per day

Table 2.2 Experimental conditions for each period during 150-d operation
Operating period NH3 conc (ppm) EBRT (s) Inlet loading (g/m3/h)

Day 0-26 18.9±3.7 30 1.47

Day 27-53 31.7±5.8 30 2.54

Day 54-74 42.3 ± 4.2 30 2.99

Day 75-101 49.1 ± 4.5 30 3.98

Day 102-128 62.1 ± 5.8 30 5.03

Day 129-150 71.0±6.4 30 5.75
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Figure 2.1 Schematic diagram of the biofi1tration system
(1) gas cylinder; (2) compressed air; (3) pressure regulator; (4)va1ve;
(5)flowmeter; (6) gas mixing chamber; (7) air filter; (8) sampling points; (9)
filter medium; (10) peristaltic pump; (11) recircu1ation tank; (12) gas outlet; (13)
mass flow controller
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Figure 2.2 Photos of the biofiltration system (a) reactors; (b) sampling systems; (c)
datalog/control system; (d) mass flow controller

Startup process

In reactors 1 to 3, biofilm development was employed by natural selection

without an external inoculum. In reactor 4, diluted activated sludge solution was

completely mixed with wood chips and coal slag as a seed. The activated sludge

was diluted with de-ionized water and adjusted to neutral pH with NaOH prior to

mixing. For react 5 (biotrickling fitler), the concentrated microbial broth was

added into the fresh mineral medium without (NH4hS04. The broth was

previously acclimated with ammonia medium and sufficient aeration. The

solution was sprayed on the top of the filter bed with a flow rate of 100 ml/min.

Thereafter, the synthetic odorous gas with a relatively low NH3 concentration (10

to 20 ppm) was introduced into the reactor for the startup process. The feed of

NH3 acted as an energy source for the bacterial growth. After the startup process
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was completed, the reactor was used for the performance study under different

operating conditions.

2.3.2 Materials

Waste materials

In the preliminary study, six waste materials (Table 2.3), including shredded

hardwood mulch, wood mulch fines compost, chipped hardwood mulch,

mushroom compost, and landscape wood chips and coal slag were selected to

determine the feasibility of using these materials as packing media for odour

treatment. Coal slag, which is the waste residue from power plants using coal for

electricity generation, was also used as the inert filter medium. Table 2.3

summarizes the sources of various wastes, while Figure 2.3 illustrates the

appearance of the raw waste materials.

The physico-chemical characteristics of the waste materials were analyzed.

These included particle size distribution, density, porosity, pH, moisture content,

and carbon to nitrogen ratio. In the continuous experiment for ammonia removal,

three potential materials were selected from six wastes as packing media based

on their desirable properties, namely landscape wood chips, mushroom compost

and coal slag.
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Figure 2.3 Photos of raw waste materials
(1) shredded hardwood mulch; (2) wood mulch fmes compost; (3) chipped
hardwood mulch; (4) mushroom compost; (5) landscape wood chips; (6) coal
slag
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(6) Coal slag

(4) Mushroom compost

(5) Landscape wood chips

Table 2.3 Sources of waste materials
Material Source

(1) Shredded hardwood Wood laboratory at the Department of Agricultural and

mulch Biological Engineering at UIUC

(2) Wood mulch fine compost Urbana-Champaign Sanitary District, USA

(3) Chipped hardwood mulch Wood laboratory at the Department of Agricultural and

Biological Engineering at UIUC

Urbana-Champaign Sanitary District, USA

Wood laboratory at the Department of Agricultural and

Biological Engineering at UIUC

Abbott Power Plant, Urbana, USA

Microorganisms and inocula

The activated sludge used in this study was obtained from the return activated

sludge stream at a local wastewater treatment plant in Urbana, Illinois, USA. The

autotrophic ammonia oxidizing bacteria (AOB) used in the study of the

biotrickling reactor for NH3 removal were prepared by acclimating activated

sludge with selective ammonia medium (Table 2.4) and sufficient aeration (C02

source) for a week (Chung et aI., 2007). Subsequently, the selected microbial

strains were transferred to fresh media. After 3 to 4 transfers (about 3-week

acclimation), the inoculum was ready for inoculation into the biotrickling filter.

Nutrient media

The nutrient composition used in this study was based on a composite of the

nutrient recipes from recently published research related to biofiltration for

ammonia treatment (Kim et aI., 2007). The formula of the nutrient media for

bacteria selection is shown in Table 2.4. In the recirculation system in reactor 5, a

20-1plastic tank was filled with 10 1of deionized water and chemicals. To ensure

a homogeneous concentration, the recirculation nutrient solution was completely
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mixed, and the pH of the solution was recorded (model 8156, Orion pH

electrode). It was later adjusted to 7.0 with the addition of 2 N NaOH or 2N HCI.

During the acclimation and operation periods, the mineral nutrient that had no

supply of nitrogen source for bacterial growth was used for the recirculation

liquid.

Table 2.4 Composition of ammonia medium
(NH4hS04 8 g/I

KH2P04 2 g/I

K2H2P04 2 g/I

MgCI2·6H20 0.4 g/I

CaCI2·2H20 0.05 g/I

2.3.3 Analytical methods

Particle size distribution

The particle size analysis was conducted on the abovementioned natural

materials using the Penn State Forage Particle Separator (Heinrichs and

Kononoff, 2002) which is common, quick, cost-effective, and easily replicated in

the field compared to other sieve analyses. Three trials were conducted on each

of the five natural materials and each trial consisted of running a 500± 1 g sample

through the sieve apparatus. Then, the weight of each sieve tray was recorded.

The empty weight of each tray was subtracted from its corresponding filled

weight to determine the weight of the sample present in each tray. All of the trays

were thoroughly cleaned to remove all material residue and dust in between each

trial.

Sieve analysis, which is commonly employed in soil analysis, was employed to

determine the particle size distribution of coal slag. The standard sieve sizes used
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in the experiment were 20 mm, 10 mm, 5 mm, 2.36 mm, 1.18 mm, 600 J..IID, 425

J..IID, 300 J..IID, 150 J..IID, 75 J..IID and pan (with mesh opening). The coal slag was

shaken in a hammer apparatus for 15 min and each fraction was weighed. The

size distribution was plotted on the semi-log scale chart. The Dw, D60 and the

uniformity of the particle size distribution were calculated.

Density

Density is the ratio of the mass of a substance in relation to its volume. For each

material, three trials were conducted by filling a beaker up to the 1000 m1 mark

and subtracting the weight of the beaker to find the weight of the sample.

Porosity

Porosity is the ratio of the volume of voids in relation to the total volume of the

filter media. The amount of water needed to saturate a known volume of medium

was used to determine the porosity. Three trials were conducted for each material.

Each material was filled into a 1-1container, and water was then poured from a

1000 m1 graduated cylinder. Subsequently, the amount of water needed to fill the

void space up to the 1000 m1 mark of the container (level with the top of the

material in the container) was recorded (Singh et aI., 2006).

pH

For the determination of pH of packing materials, samples of each material were

put into small containers and mixed with distilled water in a 1:1 ratio (USDA,

2004). The aqueous solutions were thoroughly mixed and then filtered. The pH

of the remaining liquid portion was determined using a digital pH meter (Oakion

1100 Series).
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Moisture content

The moisture content of each material was measured using the gravimetric

method. A measured quantity of sample was dried in an oven (Yamato DKN400)

for about 24 h at 105 QC.Once the drying period was complete, the samples were

placed in a desiccator until they cooled. This was done to prevent the materials

from absorbing moisture while cooling. The weight difference was recorded as

the water content of the sample (APHA, 1998).

Carbon to nitrogen ratio (C/N)

Samples were sent to Midwest Laboratories Inc, USA for C/N ratio analysis. The

weighed samples were placed in ceramic boats and determined for the total

carbon and nitrogen contents using a LICO 2000 instrument.

Gaseous ammonia measurement

The ammonia concentration of the inlet and outlet of each reactor were

monitored using a chemiluminescence NH3 analyzer (Model 17C, Thermo

Electron Corporation) with a sampling system composed of six solenoids. Each

sampling point of the total six locations (one inlet and 5 outlets) was measured

for 10 min per hour. Prior to the study, the ammonia analyzer was calibrated

using standard NH3 gas with a range of zero to 100 ppm. The results were used to

generate a calibration curve which was linearly correlated with ammonia

concentrations and the intercepts were not significantly different from zero at 95

% confidence level.

Aqueous and solid phase analysis

Ammonia, nitrate and nitrite in water and solid phases were measured using the
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colorimetric method (Technicon AA 11Continuous-flow Autoanalyzer) according

to the Standard Method (APHA, 1998) (Appendices A, B, and C).

Bacterial count

0.5 g of materials was taken from the biofilters and mixed with 5 m1 of sterile

phosphate buffer. Microbial counts were conducted by serial tenfold dilution of

recirculation liquid and biofilm samples, and subsequent plating on various

media. These samples were vortexed for 3 min, and the resulting liquid with

different dilution ratios was spread on plate count agar (Difco) and agar with

ammonia medium (no carbon source other than atmospheric CO2 was provided)

for heterotrophs and autotrophic AOB, respectively. The numbers of colonies on

the plates were counted after 2-d incubation at 30°C for heterotrophs and 3-week

incubation at 30°C in the dark for autotrophic AOB, respectively.

2.4 Results and Discussion

2.4.1 Characteristics of packing materials

Particle size distribution

Particle size is an important factor in both adsorption and biological treatment

processes. It also relates to pressure drop, porosity and surface to volume ratios.

The common particle size of the media employed as packing materials in this

study was between 1 to 10 mm (Zilli and Converti, 1999; Kennes and Veiga,

2002; Kastner et aI., 2004; Andres et aI., 2006). Pretreatment is required when

waste materials are used in biofiltration.

The results clearly indicated the differences in each material's particle size

distribution (Table 2.5). Figure 2.4 is a graphical representation of the cumulative
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undersized percentage by mass data versus the hole-diagonal sizes on the sieve

trays. The results demonstrated that waste materials have the potential to be

employed as filter media. In this study, most of the materials used with suitable

particle sizes can be recovered after pretreatment processes; hence, material

handling cost could be further reduced.

Table 2.5 Particle size distribution for natural materials (n=3)
Particle Size Weight in tray (g) Percent of weight in tray (%)

Range (mm) 1 2 3 4 5 1 2 3 4 5

>19.1 84.9 26.5 68.6 11.6 150.7 17.0 5.3 13.7 2.3 30.1

7.87-19.1 235.8 115.6 152.1 80.6 235.2 47.2 23.1 30.4 16.1 47.0

1.78-7.87 159.1 331.9 239.8 374.7 94.9 31.8 66.4 48.0 75.0 19.0

<1.78 20.4 26.0 39.6 32.9 19.3 4.1 5.2 7.9 6.6 3.9

Total 500.2 500.0 500.1 499.8 500.1 100 100 100 100 100
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Figure 2.4 Size distribution curve of natural materials (n=3)
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Table 2.6 shows the result of the coal slag's sieve analysis, while Figure 2.5

illustrates the size distribution curve of the coal slag. The dominant sizes of the

particles were between 2.36 mm and 10 mm. The value of DlO was 0.31 mm and

that of D60 was 9 mm, resulting in the uniformity coefficient ~o= D601DIO of 29.

The size distribution is represented by the uniformity coefficient, which can

show how well graded the coal slag is. In general, a low uniformity coefficient

indicates a more uniform particle size. The coal slag was less likely to result in a

clogging problem because its uniformity coefficient was comparatively low.
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Figure 2.5 Size distribution curve of coal slag (n=3)

Physico-chemical properties

Tables 2.7 and 2.8 show the common properties of the five natural materials and

coal slag, such as density, porosity, moisture content (MC), and C/N ratio. The

physico-chemical characteristics of packing materials were determined to

establish the background information for process design.
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Table 2.6 Results of sieve analysis for coal slag (n=3)
8.5. Sieve Size Retained (g) Retained (%) Passing (%)

20 mm 100

10mm 1287.1 37.6 62.4

5mm 503.6 14.7 47.7

2.36 mm 436 12.7 35.0

1.18 mm 331.8 9.7 25.3

600 IJm 277.7 8.1 17.2

425IJm 147.9 4.3 12.9

300 IJm 127.6 3.7 9.2

150 IJm 153.5 4.5 4.7

75 IJm 96.2 2.8 1.9

PAN 55.8 1.6 0.3

Most of the natural materials had densities around 0.2 kg/m3 .The sole exception

was the wood mulch fine compost which had a relatively high density (0.53

kg/m3). The density of the coal slag was 1.43 kg/m3. The results could be

attributed to the differences in the original material compositions. It should be

noted that mushroom compost has the highest moisture content with a light

density. This is similar to the wood chip-based materials.

The three wood chip-based materials and the coal slag had similar porosity (from

0.63 to 0.68), while the porosity of the compost materials was low

(approximately 0.48). It must be stated that a material with a high void fraction

allows higher flow rate and lower pressure drop. It also provides more space for

biomass accumulation for continuous odour treatment under high concentration.

In general, the pH of the various materials was relatively neutral, with the range

of 6.3 to 7.8; hence, these are suitable conditions for most bacterial activities.

The C/N ratio of compost material was relatively lower than that of the wood
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chips. This finding is consistent with the common C/N ratio in yard wastes. The

C/N ratio is generally reduced from 50-150 to 15-30 after composting.

Based on their physio-chemical properties, three wastes were selected to study

the performance of the continuous treatment of ammonia. Landscape wood chip

and mushroom compost were selected according to higher yield, higher moisture

content and more favourable pH. Coal slag was selected for comparison purpose

and due to high yield.

Table 2.7 Physical properties of natural materials and coal slag (n=5)
Density (kg/m3) Porosity pH MC (%)

Shredded hardwood mulch (1) 0.16 ±0.01 0.68±0.01 6.58±0.09 7.1±0.7

Wood mulch fine compost (2) 0.53±0.02 0.49±0.01 7.33±0.17 18.3±1.4

Chipped hardwood mulch (3) 0.23±0.01 0.63±0.02 7.85±0.09 8.3±1.4

Mushroom compost (4) 0.21±0.01 0.48±0.02 7.96±0.11 23.7±1.3

Landscape wood chip (5) 0.21±0.01 0.65±0.02 7.06±0.06 14.9±0.7

Coal slag (6) 1.43±0.04 0.68±0.02 6.32±0.10 3.5±0.8

Coal slag (6)

Shredded hardwood mulch (1)

Wood mulch fine compost (2)

Chipped hardwood mulch (3)

Mushroom compost (4)

Landscape wood chips (5)

Table 2.8 C/N ratios of natural materials and coal slag
C(%) N(%)

39.3 0.45

10.9 0.85

27.2 0.82

21.0 1.03

39.2 0.64

12.4 0.20

2.4.2 Performance study for ammonia removal

CIN

87.3

12.8

33.2

20.4

61.3

62.0

Startup

All biofilters were started with an inlet loading of about 1.5 g/m3/h,

corresponding to the NH3 concentration of 20 ppm and the EBRT of 30 s. Figures
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2.6 and 2.7 show the profiles of NH3 removal efficiency and pH during the

acclimation period, respectively. After 14-d operation, the stable removal

efficiencies of each reactor were achieved with a range of 17 to 77 %. It was

found that the immobilization period of reactor 5 (biotrickling filter) was

completed within 7-d operation. This is comparatively shorter than other

traditional biotrickling filters packed with inert or inorganic materials. Compared

to other studies, a minimum of I-week operation was required for the completion

of startup when the system was packed with activated carbon for H2S removal

(Duan et aI., 2007). Chung et al. (2005) reported 14-d acclimation period was

required for biological NH3 removal in an activated carbon biotrickling system.

Some biofilters using carbon pellets as medium required up to 4 weeks for the

startup process. The biodegradation does not occur immediately because some

species that are capable of degrading the contaminants may not be initially

present (Kim et aI., 2004; Duan et aI., 2005). This is the main reason behind the

poor performance in reactors 1, 3, and 4 even at the low loading rates during the

startup.

The removal of NH3 in the coal slag biotrickling reactor occurred immediately,

primarily because of the adsorption on the coal slag and the absorption in the

water layer during the startup. From day 3 to day 10, the pH of the recirculation

liquid decreased from 7.7 to 5.4, indicating that the biofilm had begun to develop

and the removal ofNH3 was mainly caused by microbial activities. Nitrite, nitrate

and W were produced during the nitrification process. As a result, the removal

rate subsequently increased to more than 80 % by day 6. This was an indication

that the bacteria had been acclimated to NH3.
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On the other hand, the operation of biofilters 1 - 4 had comparatively poor

treatment performances. They were between 17 % and 30% of reduction. The

compost-based biofilter (reactor 2) had the best treatment performance among

the four biofilters. The pH decreased from 9 to 6.64 during the startup period,

indicating that the inherent source of bacteria was important for the biofilter

operation. In biofilters 1, 3 and 4, the pH values fluctuated between 8 and 9.5.

Therefore, adsorption and absorption processes were the main removal

mechanisms during the 2-week operation, leading to the poor elimination

capacities. Furthermore, due to an insufficient amount of indigenous bacteria in

the landscape wood chips, it was found that either there was no developed

biofilm or it was inactive in these biofilters. Moreover, the proposed seeding (i.e.

diluted activated sludge) used in reactor 4 was unsuitable in the conventional

biofilter. This may be due to AOB was not dominant in the raw sludge.
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Figure 2.6 NH3 removal efficiencies during the startup period
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Figure 2.7 pH profiles during the startup period

Continuous operation under stepwise increase of NB3 loading rate

After the 14-d operation, the feasibility of waste materials as packing media for

ammonia treatment in biofiltration process was evaluated. To analyze the

performance of the reactors packed with different materials, continuous

experiments were carried out for a period of 5 months. These experiments

employed a stepwise increase ofNH3 concentrations from 20 ppm to 70 ppm at a

constant flow rate of 28.3 l/min (EBRT= 30 s).

During the change of inlet concentrations, it was observed that various reactors

required different adaptation periods to achieve new steady state conditions.

The NH3 profiles of reactors 1-5 as a function of the operating time, inlet

concentration, and removal efficiency are shown in Figures 2.8 - 2.12. On the

other hand, the removal efficiencies of various reactors as a function of loading
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rate are shown in Figure 2.13.

Ammonia in biofilters is partly retained by physico-chemical processes, because

it has a low Henry constant and is pH-dependent. In biofilters, ammonia is

mainly removed by adsorption onto the packing media and by absorption into the

water fraction of the carrier material (Chen et aI., 2005). Biological ammonia

removal is also achieved through nitrification by the autotrophic ammonia

oxidizing bacteria (AOB) and nitrite oxidizing bacteria (NOB) (Sheridan et aI.,

2002).

The results indicated that only reactor 5 (biotrickling filter) could reach 75 % or

above removal efficiency, and good bacteria activities with steady and consistent

removal were achieved. It was found that the pH of reactor 5 reduced from 7.2 to

6.4 during each replacement of the recirculation liquid (around 5- to 7-d

operation), indicating the ammonia was oxidized by the activity of nitrifYing

bacteria (Figure 2.14). On day 28, the inlet concentration was gradually increased

from 20 to 30 ppm. The response was a sudden decline in the removal efficiency

from 88 % to 77 %. This was followed by a steady removal efficiency of around

85 %. On day 76, the inlet concentration increased from 40 to 50 ppm, the

removal efficiency significantly decreased from 87% to 70% but was followed

by a stable removal efficiency of 80%. Moreover, the reactor required a longer

period to achieve the steady performance at higher NH3 loading rates.

The ammonia oxidation mass balance for reactor 5 is shown in Figure 2.19. As

the inlet concentration increased from 20 ppm to 70 ppm, the removal efficiency

of reactor 5 decreased from 87 % to 77 %. This may be attributed to the activity
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of the nitrifying bacteria in the reactor that reached a maximum load of around

4.5 g/m3/h, whereas the relative abundance ofNH4 + increased from 28 % to 45 %.

This showed that absorption became the dominant mechanism for NH3 removal

under higher loadings. It was observed that the relative abundance of N02-

increased from 0.3 % to 18 %, and that of N03 - decreased from 46 % to 1%.

Both phenomena indicated that the activity of NOB was inhibited under high

loading (Figure 2.19). NH4+ and N02-, which are the undissociated forms ofNH3

and HN02, are common inhibitors of nitrifying bacteria. The results in this study

are consistent with other findings (Kim et aI., 2002b; Melse and Mol, 2004). NH3

removal in a biotrickling filter deteriorated due to the accumulation of NH4+ and

N02- in the recirculation liquid which induced inhibitory effects on both AOB

(Nitrosomonas sp.) and NOB (Nitribacter sp.).

Among the four biofilters, the highest removal capacity (65 %) was achieved in

reactor 2 (50 % wood chips + 50 % compost) under the concentration of20 ppm.

This is demonstrated by the pH profiles of each biofilter. Under the inlet

concentration of 20 ppm, the treatment performance of other three biofilters was

around 17 - 20 %. With the exception of reactor 2, adsorption and absorption

were the main removal mechanisms for the other three biofilters. As the inlet

concentration increased from 30 ppm to 70 ppm, the trend of different reactors

performance was similar to that at the concentration of 20 ppm. Biotrickling

filter (reactor 5) had the highest removal capacity, the removal efficiency slightly

decreased from 87 % to 77 %. The removal efficiency of reactor 2 dropped

significantly from 60 % to 18.8 %. For reactors 1, 3 and 4, the removal

efficiencies dropped substantially from around 21 % to 5.5 %.
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Figures 2.15 - 2.19 illustrate the relative abundances of various nitrogen

compounds in the liquid phase for the various reactors. The dominant form of

nitrogen in reactors 1, 3, and 4 was NH/. It was above 85% under all operating

conditions, indicating that the absorption of NH3 into the water layer was the

main removal process. Therefore, poor treatment performance was achieved in

reactor 1, 3 and 4. In reactor 2, the relative abundance ofNH/ was around 55 %

and remained stable under all operating conditions. However, the amount ofN03-

and N02- in reactor 2 was 25 % of the total nitrogen, which was about 3 to 10

times in reactors 1, 3 and 4. Therefore, part of the NH3 in reactor 2 was removed

by the activities of AOB and NOB through the oxidation of NH3 into N02- and

N03-. The quantity of N02- increased from 5 % to over 20 % when the loading

increased from 1.5 to 5.75 g/m3/h, indicating that the relatively poor NH3

removal capacity of reactor 2 may be due to the inhibitory effects of high NH3

concentration on the NOB community.

In reactors 1, 3 and 4, the high pH values in the effluent implied the

accumulation of ammonium and was mainly due to the overloading of ammonia.

High pH and ammonium concentration inhibited the nitrification rates, especially

for the activity of NOB. This consequently resulted in the significant increase of

nitrite concentration. A similar observation in a previous study showed that NOB

was inhibited by ammonia concentration at high pH condition, resulting in high

nitrite accumulation (Anthonisen et aI., 1976).

In this study, reactor 2 had a significantly higher ammonia removal efficiency

compared with the other three biofi1ters, while reactor 5 had the highest removal

efficiency among the five reactors. It could be explained by the presence of a

32



well-developed biofilm. Since reactor 5 could provide a more favourable

environment for bacterial growth and the recirculation liquid could remove the

toxic by-products, such as nitrite and nitrate, produced by nitrification. At the

same time, the water layer outside the biofilm could provide a buffer capacity to

absorb part of the ammonia for further bacterial activity. The length of startup

could also be shortened by the suitable inoculation of acclimated activated sludge

bacteria in the reactor.

On the other hand, compost could provide a good source of bacteria for ammonia

removal in a biofiltration process compared to the activated sludge without

acclimation. Compost also has an advantage in water storage as it provides

relatively higher water holding capacities as compared wood chips and coal slag.

The performance of reactor 4 was similar to that of reactors I and 3 because the

filter media were mixed with activated sludge solution before being packed in the

reactor 4. This pretreatment of packing materials may not be suitable for

ammonia removal, although it could be easily applied in farms and swine

buildings. In this experiment, fresh diluted sludge was used instead of selected

microorganisms. Hence poor removal capacity and longer startup was required

for reactor 4.

Based on the findings in this section, the biotrickling operating mode was

selected for detailed study, including long-term operation on H2S removal and

simultaneous treatment ofH2S and NH3. Mass balance and microbial community

analyses were also evaluated to understand the fundamental removal mechanisms

in the biotrickling reactor packed with waste material in Chapter 5.
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18 Nitrate Iil!Nitrite ElAmmoniumEH Organic+ gaseous N I

100

90

80

~ 700

Q)
0

60c:
Ol

"c:
:> 50.0
Ol
Q) 40>

""Ol
Cii 300::

20

10

0
1.50 1.50 2.50 2.50 3.50 3.50 4.00 4.00 5.00 5.00 5.75 5.75

(Day 5) (Day15) (Day5) (Day15) (Day5) (Day15) (Day5) (Day15) (Day5) (Day15) (Day5) (Day15)

Loading(g1m%)

Figure 2.19 Ammonia oxidation mass balance for Reactor 5

39



Chapter 3 Study of adsorption and bacterial growth kinetics

3.1 Introduction

In the preliminary study, the biotrickling reactor packed with coal slag and

inoculated with acclimated sludge bacteria was found to be feasible for NH3

removal. Although a number of studies have been conducted regarding the

selection of the support materials, there are currently numerous unknowns

concerning physical adsorption and microbial degradation, especially for the

application of waste materials as filter media in biotrickling filters. In this chapter,

the adsorption capacity of selected materials and the growth kinetics of selected

microorganisms from activated sludge were studied. This finding was further

applied to the design and optimization of the biotrickling filter.

Adsorption plays an important role in the biofiltration process (Barona et aI.,

2005; Guo et aI., 2007). It has been recognized that the performance of

biofiltration systems may be improved by combining the biological action of

microorganisms with the adsorption capacity of packing media (Janni et aI., 2001;

Gaudin et aI., 2008). Contrary to the commonly used natural packing media in

biofiltration, such as peat, soil and compost, activated carbon is not

recommended to be used solely (Webster et aI., 1995; Janni et aI, 2001; Tang and

Hwang, 1997). Activated carbon, which is expensive, is mostly applied as bulk

material associated with natural materials. Therefore, coal slag is proposed to be

employed as an alternative of activated carbon in biofiltration.

The adsorption isotherms reveal the constant-temperature relationship between

the equilibrium concentration and the quantity of pollutant adsorbed per unit of
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adsorbent. Langmuir and Freundlich isotherms are the most common models

used to describe the adsorption mechanisms in biofiltration (Helminen et aI.,

2000; Kennes and Vegia, 2001; Delhomenie et aI., 2002). Freundlich isotherm is

an empirical expression developed to describe adsorption capacity. It is

expressed as the following equation (Freundlich, 1906; Carmo et aI., 2000;

Cohen,2001):

where

K: empirical constant related to the adsorption capacity ((mg)1-n(m3t/g)

n: empirical constant related to the adsorption intensity which varies with the

material heterogeneity (dimensionless)

Although it was developed to empirically fit with the experimental data, a

theoretical explanation was further developed by Halsey and Taylor (1947).

Based on the theoretical explanation, K is primarily related to the capacity of the

adsorbent, and l/n is a function of the strength of adsorption. It can also be

applied for non-ideal adsorption on heterogeneous surfaces and multilayer

adsorption.

In contrast to the Freundlich isotherm, Langmuir has a firm theoretical basis

(Langmuir, 1916). The application of this model is based on the following

assumptions; (i) there is no interaction between adjacent molecules on the

surface, (ii) the adsorption energy is constant over the surface, and (iii) molecules

adsorbed at fixed sites do not migrate to other sites. This isotherm has already

been successfully applied in monolayer adsorption processes and can be
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expressed as follows (Langmuir, 1916; Richardson et aI., 2002):

q= qmBCe .
l+BCe'

where

q: mass of pollutant adsorbed per unit mass of adsorbent (mg/ g);

qm:maximum monolayer adsorption capacity (mg/g);

B: Langmuir adsorption constant (m3/mg);

Ce: equilibrium concentration (mg/m3
)

The constant, qm, corresponds to the surface concentration at monolayer

coverage and represents the maximum value of q that can be achieved as the

equilibrium concentration, Ce, is increased. The Langmuir adsorption constant, B,

is related to the energy of adsorption and increases as the strength of the

adsorption bond increases. However, the Langmuir equation often does not

describe adsorption data as accurately as the Freundlich equation.

The loading behaviour of H2S removal from the bulk gas-phase in a fixed bed

reactor can be showed by breakthrough curves. The breakthrough curve is a plot

of dimension1ess outlet concentration as a function of the operation time (Xiao et

aI., 2008). In the adsorption process, mass transfer zone (MTZ) is the active

regain of a reactor in which adsorption actually occurs. It is defined as the part

showing a gradient in adsorbate concentration from zero to equilibrium (Guo et

aI., 2007). As the exhausted volume of reactor increases, the MTZ travels

downstream and eventually exits the reactor. The length of the MTZ (LMTZ),

depends on the rate of adsorption and the solution flow rate. LMTZ is estimated by

the following equation (Kie1y, 1997; Kennes and Veiga, 2001):
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L = L(t0.95 - to.05)
MTZ

to.05

where L = length ofthe rector (m);

to.95= exhaustion time, which is defined as the time when the outlet concentration

at 95% ofthe inlet concentration (s) (19 ppm in this study);

to.05 = breakthrough time, which is defmed as the time when the outlet

concentration at 5% of the inlet concentration (s) (1 ppm in this study);

The breakthrough capacity is correlated with the length of MTZ, in which the

longer the MTZ, the greater the unsaturated zone in the adsorption column and,

therefore, the lower the breakthrough capacity.

The responses of microorganisms in biofiltration processes are similar to those

observed in other biological treatment systems. The growth rate of each

microbial species depends on the concentration of carbon and energy sources,

and the environmental conditions, including temperature, pH, and nutrients. It is

important to monitor the relationship between cell growth and biological

activities in the degradation of odorous compounds in biofiltration process. The

relationship between the growth rate and the substrate concentration can be

expressed by the Monod equation (Monod, 1949). It is described in the following

equation:

_ flmS
fl- Ks +S

where

J..l is the specific growth rate (time-I);

J..lm is the maximum specific growth rate (time-I);

Ks is Monod half-saturation constant (mg/l);
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S is substrate concentration (mg/l)

The constants of the Monod equation can be obtained by the linearized form:

1 Ks 1 1
-=-x-+-
P Pm S Pm

3.2 Objectives

The objective of this study is to provide fundamental understandings of the

aspects of adsorption and microbial activities in a biotrickling reactor. To further

optimize the process design of the biotrickling filter for simultaneous H2S and

NH3 removal, the adsorption capacities of coal slag and FECP were compared,

the static and dynamic adsorption tests were used to describe the adsorption

characteristics, and the growth kinetics of acclimated microorganisms from

activated sludge were likewise analyzed.

3.3 Methodology

3.3.1 Materials

Waste materials and preparation of adsorbents

The coal slag, which was collected from Castle Peak Power Station in Hong

Kong, was employed as the filter medium in this study. Another inert carrier

material, fire expanded clay pellets (FECP), which has a similar porosity as coal

slag, was collected from the Concrete Laboratory at The Hong Kong Polytechnic

University to compare the adsorption capacity with coal slag. Spigno et al. (2003)

reported that a biofilter packed with FECP was successfully applied to remove

hexane. The physical properties of the coal slag and FECP for this particular

study are summarized in Table 3.1.
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The collected materials were first washed with hot distilled water to remove any

impurities. The washed materials were subsequently heated in a furnace at 550

°c for 48 h to further remove contaminants on the surface, such as ammonia,

nitrate, sulphate, and volatile organic compounds. The heated materials were

placed in desiccators for cooling down. Materials with the size of 2-5 mm were

selected for the adsorption studies.

Table 3.1 Physical properties of selected waste materials (n=5)
Porosity Bulk Particle BET Micropore Ultimate analysis (wt %)

density density

(kg/I) (kg/I)

Coal slag (this study) 0.62 0.571 1.503

±0.02 ±0.02 ±0.03

FECP (this study) 0.65 0.322 0.920

±0.03 ±0.02 ±0.03

Activated carbon 0.25-0.8 0.15-0.55 -

surface volume C N H 0

area (cm3/g)

(m2/g)

31.48 0.1154 67.75 9.88 6.11 16.26

±1.49 ±0.0018

2.39 0.0049 70.51 10.22 5.89 13.38

±0.10 ±0.0011

500-1600 -

(Kennes and Veiga,

2001)

Palm shell activated 0.58

carbon (Guo et al.,

2007)

1062 0.26 87.1 1.0 1.1 10.8

Pig manure +

sawdust (Barona et

al., 2005)

1.29 12.06 5.8 X 10-5 20.0 2.0 0.6 74.1

Microorganisms and inocula

Activated sludge was collected from a return activated sludge stream at the Tai

Po Sewage Treatment Works in Hong Kong. The selected bacteria, including

autotrophic sulphide oxidizing bacteria (SOB), autotrophic ammonia oxidizing

bacteria (AOB), and heterotrophic bacteria, were prepared by 50 m1 of activated
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sludge acc1imated in a 2-1 beaker in selective media (Tables 3.2-3.4) with

sufficient aeration for a week. Then, the selected microbial strains were

transferred to fresh media. The initial pH of the bacterial culture was adjusted to

around 7.0 using 2 N NaOH. After 3 to 4 transfers (about 3-week acc1imation),

the selected inocula were prepared for subsequently microbial kinetics analysis.

Table 3.2 Composition of medium for SOB
Na2S203·5H20 10 g/I

KH2P04 2 g/I

K2H2P04 2 g/I

NH4CI 0.4 g/I

MgCI2·6H20 0.4 g/I

CaCI2·2H20 0.05 g/I

Table 3.3 Composition of medium for AOB
(NH4hS04 8 g/I

KH2P04 2 g/I

K2H2P04 2 g/I

MgCI2·6H20 0.4 g/I

CaCI2·2H20 0.05 g/I

Table 3.4 Composition of medium for heterotrophic bacteria
Glucose 8 g/I

KH2P04 2 g/I

K2H2P04 2 g/I

NH4CI 0.4 g/I

MgCI2·6H20 0.4 g/I

CaCI2·2H20 0.05 g/I

3.3.2 Experimental set-up and procedures

Batch adsorption test

The static adsorption study of H2S on coal slag and FECP was conducted by a
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batch reactor at 25 QC. Equilibrium isotherms were determined using various

amounts of adsorbents to reach different equilibrium concentrations in the gas

phase of the reactor. The schematic diagram of the reactor is shown in Figure 3.1.

The batch reactor consisted of a cubic plastic reactor and a hydrogen sulphide

sensor (0-100 ppm, Model TP-524C, Detcon Co. Ltd.) installed on the top of the

reactor. The sensor was connected to a data log system and a personal computer

to collect data of H2S concentration in the headspace of the reactor. The

dimensions of the reactor were 150 mm x 150 mm x 150 mm. A 2-inch fan was

installed inside the reactor for gas mixing.

Prior to the experiments, the washed packing materials were oven-dried at 105

°c to constant weight, ensuring the materials were completely dry in order to

prevent absorption and biodegradation. Once the sample was prepared, a known

amount of H2S gas was introduced into the system from a gas cylinder (2 % H2S

balanced in N2, Arkonic Ltd.). The fresh air from a compressor was introduced

into the reactor until a stable reading (around 90 ppm) was obtained. Afterwards,

2 g of coal slag was introduced into the reactor and the drop of H2S concentration

in the headspace was monitored every 2 s until equilibrium was reached. The

duration of each experiment was at least 3 h and stopped when a stable

equilibrium concentration was achieved for at least 1 h. The procedure was

repeated for coal slag (0.05 g, 0.2 g, 0.3 g, and 0.6 g) and FECP (0.5g, 1 g, 2 g

and 4 g).

Dynamic adsorption test

The dynamic adsorption capacities of H2S on coal slag and FECP were evaluated
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by continuous experiments in a lab-scale column reactor at 25 QC.The schematic

diagram ofthe experimental set-up is shown in Figure 3.2.

Hydrogen sulphide sensor

2-in fan

Gas inle

Platform

Gas outlet

Figure 3.1 Schematic diagram of the batch reactor for static adsorption tests

The column reactor with an effective volume of 0.67 1 (Diameter = 45 mm,

Height = 420 mm) was used in this study. The size of carrier materials was

between 2 and 5 mm. Prior to the experiments, the washed packing materials

were oven-dried at 105°C to constant weight, ensuring the materials were

completely dry to prevent absorption and biodegradation. The filter materials

were evenly distributed inside the column and supported by a perforated sieve

plate fitted at the bottom of the column to ensure uniform distribution of inlet gas

during operation.

The desirable inlet H2S concentration (20 ppm) was prepared from a 2 % H2S gas

cylinder (balanced in N2, Arkonic Gases and Chemicals) with the compressed air.

Compressed air was also fully dried by being passed through a dehydration
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column filled with silica gel in order to avoid overestimation of adsorption

capacity. A mixing chamber fitted with baffles was provided at the inlet of the

system to enhance the mixing characteristics of odorous gases. Gas sampling

ports were installed at the inlet and outlet of reactor with two H2S sensors (0-100

ppm, Model TP-524C, Detcon Co. Ltd.).

The inlet gas was fed in an upflow mode at a flow rate of 6 l/min with the

corresponding EBRT of 6.7 s. The breakthrough concentration was set at 1 ppm

(5 % of inlet concentration). The reactor was operated during various time

periods depending on the saturation of different materials. The test was stopped

at the point during which the outlet concentration was equal to the inlet

concentration and it no longer changed with time.

10

3 4 5

H2S

o
2

6

8

Figure 3.2 Experimental set-up for dynamic adsorption studies
(1) H2S gas cylinder; (2) compressed air; (3) pressure regulator; (4) valve; (5)
flow meter; (6) gas mixing chamber; (7) air filter; (8) sampling points; (9)
column reactor; (10) gas outlet
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Growth kinetics experiments

Once the bacteria were acc1imatedin selective media for several serial transfers,

stock solution containing stable microbial consortia was prepared. The initial

bacterial culture consisted of 1-1selective media and 5 % of inoculum was filled

into a 2-1 conical flask. The flask was agitated at 300 rpm and kept at 30°C in an

orbital shaker. 50 ml of the bacterial culture was periodically taken out for

measurement of pH, optical density (OD), total organic carbon (TOC), total

dissolved sulphur, sulphate, ammonium ion, nitrite, and nitrate concentrations.

The maximum specific growth rate (IJm) and the half-velocity constant (Ks) ofthe

Monod kinetics model were obtained from the growth kinetics data of batch

culture.

3.3.3 Analytical methods

Gaseous hydrogen sulphide measurement

H2S concentration was determined and recorded with the online solid state MOS

hydrogen sulphide sensors (Model TP-524C, Detcon) connected to a data log

system and a computer.

Aqueous phase analysis

The pH of the solution was measured using a pH meter (Model 720, Thermo

Orion). The sulphate ion was measured using an ion chromatograph with flow

injection analyzer (LC 20 with Conductivity Detector CD 25, Dionex). TOC

concentration was measured by a TOC analyzer (TOC-5000A, Shimadzu) with

an autosampler. Sulphide concentration was determined in duplicate with a
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spectrophotometer (DR/201O, HACH). Total dissolved sulphur of aqueous

samples were analyzed by a inductively coupled plasma- plasma-atomic

emission spectrometry (ICP-AES, Perkin-Elmer Optima 3300DV) with acid

digestion at the S emission line of 180.669 nm with three replicate measurements.

The calibration was linear from 1 to 50 mg/l with R2 = 0.9998. This is the most

convenient method for the mesurement of dissolved sulphur in water samples

above 1 ppm (Prietzel et aI., 1996) and has been successfully applied in a similar

study (Duan et aI., 2007).

Biomass concentration measurement

The growth of selected bacteria in the culture media was monitored using optical

density (OD). Prior to the measurement, the biomass calibration curves of

autotrophic and heterotrophic bacteria were obtained (Figure 3.3) by the

following procedures.

Inoculum was cultivated in a 2-1conical flask containing all medium at pH 7.

The flask was agitated at 300 rpm and kept at 30°C. Five 100-ml samples of the

culture harvested at log-phase of growth were diluted into various concentrations

with the original nutrient medium. OD was measured at the wavelength of 600

nm by the spectrophotometer. The diluted cultures were then filtered with

membrane filter papers which were pre-dried and pre-weighted. The biomass

collected was dried overnight at 105°C.

Culture media without any bacterial cells was set as blank at the wavelength of

600 nm in the spectrophotometer. An equal volume of testing samples was added

into the cuvette for OD measurement. The absorbance represented by the
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biomass concentration (mg/l) in the range of 0.05 and 0.2. Otherwise, dilution

was performed to maintain the reliability of the results.

I. SOB [] AOB )IC Heterotrophic 1
0.3

0.25

0) 0.2
(.)
c:ca-e 0.15
0en
.0« 0.1

0.05

0
0 1000 2000 3000 4000 5000

Biomass concentration (mg/l)

Figure 3.3 Calibration curves for OD measurement (n=5)

3.4 Results and discussion

3.4.1 Static adsorption capacities of H2S on coal slag and FECP

Not only act as a surface for microbial growth, the packing materials can also act

as a buffer in shielding microorganisms from inhibitory substances, adsorbing

high concentrations of pollutants, and slowly releasing adsorbed pollutants for

further microbial degradation as well (Kindzierski et aI., 1995; Abu-Salah et aI.,

1996).

Natural supporting materials, such as wood chip and compost, have limited

adsorption capacity (Shareefdeen and Singh, 2005); therefore, only inert

materials like coal slag and FECP, were examined in this study. The H2S

adsorption capacities of coal slag and FECP were determined at 25°C and
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compared with activated carbon and organic materials from the literature. The

time series of normalized outlet H2S concentration for coal slag and FECP are

shown in Figures 3.4 and 3.5, respectively. The results indicated that a lower

adsorption capacity was obtained when less mass of adsorbent was used. The

experimental maximum H2S adsorption capacity of coal slag was 5.7 mg/g which

was 62 times higher than that of FECP in this study. The saturation time for coal

slag was around 2.5 times longer than that for FECP (Figures 3.6 and 3.7).
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Figure 3.4 Normalized outlet concentration as a function of time for coal slag (H2S
adsorption in a batch system)
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Figure 3.6 Amount of H2S adsorbed on coal slag (H2S adsorption in a batch
system)
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Figure 3.7 Amount ofH2S adsorbed on FECP (H2S adsorption in a batch system)

The isotherm parameters were determined by plotting the equilibrium data of

hydrogen sulphide concentration in solid and gas phase collected from the static

adsorption tests. The experimental adsorption isotherms for different mass of

materials at 25°C are shown in Figures 3.8 to 3.11. The results obtained from the

adsorption study could be used to predict the theoretical maximum H2S

adsorption capacity of packing medium. Table 3.5 summarizes the parameters of

the Langmuir and Freundlich equations and the regression coefficients for

various materials.

These results illustrate that the experimental data were well applied to both the

Langmuir (R2 = 0.9552) and the Freundlich (R2 = 0.9593) isotherms for FECP

under the concentration range studied. However, the values of the correlation

coefficients demonstrate that the Langmuir isotherm (R2 = 0.9760) is slightly
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better than the Freundlich isotherm (R2 = 0.8708) in describing the equilibrium

for the reactor made of coal slag. It was found that as the gas inlet concentration

increased, the amount of H2S adsorbed also increased, with the n constant of the

Freundlich model being 0.97 and 1.85 for coal slag and FECP, respectively.

As shown in Table 3.5, there are significant differences in the H2S adsorption

capacities of coal slag and FECP. The Langmuir qm of H2S for coal slag was

higher than that of FECP of about 24 times. It may be due to the difference in

surface area of materials. The surface area of coal slag is 13 times that of FECP

(Table 3.5). The results in this study are consistent with the results from recent

studies of adsorption on organic and inorganic materials. The experimental data

were fitted to both the Langmuir and the Freundlich isotherms for H2S and NH3

adsorption (McNevin et aI., 1999; McNevin and Barford, 2001; Busca and

Pistarino, 2003a; 2003b; Barona et aI., 2005)

Although the adsorption capacity of coal slag is relatively low compared to the

activated carbon, coal slag may also provide a buffer capacity to protect

biofiltration systems against shock loading. Earlier studies have indicated that a

sufficient adsorption capacity of media is desirable in a biofiltration system.

However, packing materials with too high adsorption capacity may be a problem

when the inlet concentration suddenly drops and ceases, since reversible

desorption will undoubtedly occur (McNevin et aI., 1999; McNevin and Barford,

2001). In addition, the study of isotherms is useful in predicting the amount of

adsorbent required to adsorb a given mass of pollutant (Kennes and Veiga, 2001;

Shareefdeen and Singh, 2005).
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Figure 3.8 Linearized Langmuir adsorption isotherms ofH2S on coal slag at 25°C

1

0.8

0.6

0.4

0.2
0-

C> 0
0

-0.2 0.5

-0.4

-0.6

-0.8

-1

log Ce

•

1.5

y= 1.0339x-1.1986
R2 = 0.8708

Figure 3.9 Linearized Freundlich adsorption isotherms ofH2S on coal slag at 25°C
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Table 3.5 Isotherm constants for adsorption of hydrogen sulphide
Langmuir isotherm parameters Freundlich isotherm parameters

Material qmax(mg/g) B (m3/mg) R2 K (mg) 1-n(m3t/g n R2

Coal slag 3.679 0.0235 0.9760 0.0633 0.9672 0.8708

(this study)

FECP 0.1512 0.0122 0.9552 0.0070 1.854 0.9593

(this study)

Activated 35.714 5.600 0.972 0.0011 1.873 0.936

carbon

(Barona et

al.,2005)

Pig manure -1.078 -1.781 0.494 2.1x10-4 0.644 0.958

+ sawdust

(Barona et

al.,2005)

3.4.2 Dynamic adsorption capacities of H2S on coal slag and FECP

The dynamic adsorption capacities of H2S were estimated in a continuous

experiment at 25°C with the introduction of H2S at concentration of 20 ppm and

flowrate of 6 l/min. The amount of H2S adsorbed was determined by plotting the

breakthrough curves, which illustrate the evolution of the outlet concentration as

a function of time. Figure 3.12 shows the breakthrough curves of coal slag and

FECP, which provides information on the rate of mass transfer to the adsorbent.

The parameters of the breakthrough characteristics are summarized in Table 3.6.

H2S was not detected at the outlet of the FECP reactor during the first 70 mins,

whereas a much longer period of time (1170 mins) was taken to attain the

breakthrough for coal slag. The outlet concentration of FECP reactor increased

from 1 ppm to 20 ppm within a 320-min operation, resulting in a longer LMTZ for

the adsorption of H2S on FECP. The breakthrough capacity and the saturation
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capacity of FECP were 0.054 and 0.212 mg /g, respectively. The experimental

adsorption capacity of FECP is similar to the theoretical value obtained from

Langmuir isotherm. By comparing the two materials, coal slag had better

dynamic adsorption performance due to longer breakthrough time (16 times of

FECP), prolonged exhaustion time (10 times of FECP) and relatively short LMTZ

(50% ofFECP), thus resulting in a higher adsorption capacity.
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Figure 3.12 Breakthrough curves for coal slag and FECP
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Table 3.6 Breakthrough properties for coal slag and FECP
Materials to.05 to.95 Length of MTZ Breakthrough Maximum

(min) (min) (m) adsorption adsorption

capacity capacity

(mg/g) (mg/g)

Coal slag 1170 3980 1.01 0.510 1.420

(this study)

FECP 70 390 1.92 0.054 0.212

(this study)

3.4.3 Growth kinetics of selected microorganisms

Langmuir

adsorption

capacity

(mg/g)

3.679

0.152

Microbial activity is the main mechanism in biofiltration. The classical Monod

growth kinetics model (Monod, 1949) was applied in this investigation, which

illustrated the relationship between microbial growth rate and substrate

concentration. In this study, shake flask experiments was conducted to study the

growth of SOB, AOB and heterotrophic bacteria. The cultures were grown in 2-1

flasks, on an orbital shaker at 300 rpm, with 1-1culture medium containing 5% of

inoculum, at 300 C and pH 7.0.

The growth patterns of the selected microorganisms are shown in Figures

3.13-3.16. In this study, the autotrophic SOB and AOB selected from activated

sludge had similar growth characteristics. The growth of SOB and AOB was

indicated by the increase of biomass concentration, the increase of by-products

and the drop of pH in the media.

The lag phase of SOB and AOB were similar for more than two days. The

maximum biomass concentrations of SOB and AOB were 914 mg/l and 857 mg/l

on Day 6, and then gradually decreased to 857 mg/l and 757 mg/l on Day 9,

respectively. During the course of enriching SOB and AOB by using acclimated
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activated sludge as the inoculum, thiosuphate and ammonium nitrogen were

utilized as the energy sources. A steady decrease of pH in the media was

observed (from 7 to 2 for SOB and from 7 to 5.5 for AOB). The buffer capability

of media was consumed by the accumulation of sulphate and nitrate. While the

concentration of sulphate and nitrate significantly increased from 75 to 5500 and

from 54 to 2820 during the 9-d incubation, respectively (Figure 3.15). This is

clearly due to the formation of acidic by-products, mainly sulphate and nitrate,

from the biological oxidation of thiosulphate and ammonium nitrogen,

respectively. The decrease in bacterial growth on Days 8 and 9 is possibly caused

by the low pH condition and the by-product inhibition.

The growth of heterotrophic bacteria could be demonstrated by the decrease of

TOe concentration instead of pH. The lag phase of heterotrophs was shorter than

that of SOB and AOB, and completed within 36 h. The supply of organic carbon

source favoured the microbial activity, so a higher maximum biomass

concentration of heterotrophs (7 g/l) was achieved on Day 6. The growth of

heterotrophs leveled off from Day 6 to the end of incubation. The pH of the

medium was between 6.5 and 7 during the test period. This could be associated

with the insufficiency of carbon source in the medium.
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The Monod kinetics parameters, maxImum specific growth rate (!lm) and

half-velocity constant (Ks), were obtained from the batch culture growth data

during different stages of bacterial growth, followed by the analysis with

Line-weaver Burk plot and linear regression techniques. The double reciprocal

plots for SOB, AOB and heterotrophic bacteria are shown in Figures 3.18-3.19.

The parameters of the Monod model are summarized in Table 3.7.

According to the results, the J..lm of SOB and AOB were 10 times less than that of

heterotrophic bacteria, indicating that they are slow-growing microorganisms.

The results are consistent with the growth pattern of these three types of bacteria.

The specific growth rates of SOB were similar to the values in another study,

where the range is from of 0.141 to 0.197 l/h (Chen et aI., 2004). The order of

the specific growth rate of AOB is also consistent with similar studies (Rittmann

and McCarty, 2001; Park and Noguera, 2007)

Table 3.7 Kinetics parameters of Monod model
Bacteria IJm (1/h) Ks (mg/I)

SOB 0.1650 888.7395

AOB 0.1022 11.1756

Heterotrophic 1.061 70.2541
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Chapter 4 Continuous operation of biotrickling filter for H2S and

NH3 removal

4.1 Introduction

Ammonia (NH3) is an irritating gas with a strong foul odour. Likewise, hydrogen

sulphide (H2S) is a highly toxic, corrosive and irritating malodorous gas. The

odour thresholds of both H2S and NH3 are also very low (Kim et aI., 2002a;

Shareefdeen and Singh, 2005). For the biodegradation of single odorous

compounds (i.e. H2S and NH3), a number of studies have reported the successful

removal of H2S or NH3 in biofilters and biotrickling reactors. However, an

effective treatment requires a relatively long empty bed retention time (EBRT)

ranging from 10 to 60 s (Koe and Yang, 2000; Wu et aI., 2001; Gabriel et aI.,

2004; Lee et aI., 2005; Syed et aI., 2006). The long EBRT causes the biotrickling

filter has been impractical for the odour treatment in real applications.

The results of the study in Chapter 2 demonstrate that a large quantity of recycled

waste residual derived from coal power plants could be used as packing media

for odour control. Likewise, they show they can save costs and at the same time

be environmentally friendly. These ecologically-friendly packing materials could

replace expensive inert materials (e.g. activated carbon) which are commonly

used in biofiltration. This would not only alleviate the pressure of waste disposal,

but also minimize environmental degradation due to the extraction of natural

materials. This makes coal slag a truly environmentally friendly carrier material

that may be used as a substitute in biofiltration technology for odour treatment.

Operating parameters play important roles ID the removal mechanisms of

68



biotrickling filter, including concentration, EBRT, loading rate, and pH of the

recirculation liquid. Understanding the effects of major operating parameters on

the treatment performance will provide the fundamental background for process

design, optimization and modeling.

Different industrial processes and sources are characterized by the simultaneous

emission of H2S and NH3, specific examples of which include wastewater

treatment processes, livestock farming, hog manuring, petrochemical refining

and composting (Malhautier et aI., 2003; Jones et aI., 2004; Chung et aI., 2007).

A number of studies have been reported on the use of biofiltration technology for

the individual removal of either H2S or NH3; however, only a few studies are

known to have focused on the simultaneous removal of H2S and NH3 in a

biotrickling reactor (Chung et aI., 2005; Syed et aI., 2006; Jin et aI., 2007).

A few other researchers have tried to remove H2S and NH3 through biofiltration.

Kim et al. (2000b) performed a study wherein a three-phase fluidized-bed

bioreactor was used in the successful treatment of the odour mixture of H2S and

NH3 for a 25-d operation. Meanwhile, Chung et al. (2000; 2001b) reported that

an odour mixture of H2S and NH3 was removed by a conventional biofilter. At

the same time they observed inhibitory behaviours under high gas concentration

and low pH conditions. Malhautier et al. (2003) investigated the biofilters packed

with granulated sludge for the odour mixture of H2S and NH3. Their results

showed that H2S was oxidized to elemental sulphur and sulphate by Thiobacillus

sp., while NH3 was oxidized to nitrite and nitrate by Nitrosomonas or Nitrobacter.

In this system, stress on the growth of nitrifYing bacteria due to sulphate

accumulation was found. Hence, the inlet mass loading ratio must be
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appropriately controlled to treat odours containing more than one component. It

is also necessary to assess the treatment performance of a long-term operation of

the biotrickling reactor before its widespread applications.

4.2 Objectives

The main objective of this study is to develop a novel support material to be used

for performance enhanced biofiltration processes. This was done by achieving an

optimum balance of the adsorption capacity of support media with the microbial

activities achieved by the autotrophic bacteria immobilized on the media. The

first stage called for an evaluation of the removal mechanisms of hydrogen

sulphide and ammonia in the biotrickling filter packed with coal slag and

inoculated with selected autotrophic bacteria. Thereafter, the effects of pH on the

H2S removal were investigated. Finally, the removal efficiency of H2S in the

long-term operation was also evaluated in the presence of NH3. In addition, the

performance was compared with the condition under which only H2S was

supplied.

4.3 Methodology

4.3.1 Experiment set-up

A laboratory-scale biotrickling filter was designed and constructed in this study.

The set-up was a vertical transparent Perspex column filled with coal slag as a

packing material. The volume of the column reactor was 0.67 1, with an inner

diameter of 45 mm and a packing height of 420 mm. The size of coal slag was

between 2-5 mm. In order to ensure the uniform distribution of the inlet gas

during the operation, the coal slag was evenly distributed inside the column and

was supported by a perforated sieve plate fitted at the bottom of the column. The
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schematic diagram and the photo of the bioreactor are shown in Figures 4.1 and

4.2, respectively. Table 4.1 summarizes the principal characteristics and the

operating parameters of the treatment system.

H2S and NH3 were separately supplied from 2% H2S and 2% NH3 gas cylinders

(balanced in N2, Arkonic gases and chemicals), respectively. The desirable inlet

concentrations of odorous gases were adjusted through dilution by the addition of

compressed air. A mixing chamber fitted with baffles was provided at the inlet of

the system to enhance the mixing characteristics of odorous gases. It also acted

as a control device to provide desirable inlet concentrations to the system through

the mixing of fresh air delivered from an air compressor. Gas sampling ports

were installed at the inlet and outlet of the reactor with two H2S sensors and two

NH3 sensors.

The reactor was operated under a countercurrent flow of gas and liquid streams.

The H2S and NH3 gases were introduced upward from the bottom through a

diffuser and the treated gas was exited from the top of the reactor. The selective

medium without the supply of thiosulphate was steadily and evenly sprayed on

the surface of the filter bed. This was done by using the peristaltic pump

connected with a spray nozzle at the flowrate of 80 m1/min. The system was

maintained at a room temperature of 25°C throughout the whole experimental

period. The pH of the recircu1ation liquid was monitored by a pH controller

(accuracy +/- 0.3 ). Likewise, the water samples in the recirculation tank were

taken regularly for pH measurement and the analyses of chemicals.
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Figure 4.1 The schematic diagram of the biotrickling system
(1) H2S and NH3 gas cylinder; (2) compressed air; (3) pressure regulator; (4)
valve; (5) flow meter; (6) gas mixing chamber; (7) air filter; (8) sampling points;
(9) column reactor; (10) peristaltic pump; (11) recirculation tank; (12) gas outlet

Figure 4.2 Photo of the treatment system
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Table 4.1 Principal characteristics and the operating parameters of the biotrickling
filter

Reactor characteristics

Bed height and Internal diameter

Bed volume

Packing materials

Porosity

Recirculation liquid volume

Gas- liquid flow

pH control

Operating parameters

Gas flow rate (EBRT)

Volumetric loading

Inlet concentration

Superficial velocity

Recirculation liquid

Medium feed rate

Refreshing rate of recirculation liquid

4.3.2 Materials

Packing medium

420x45mm

0.671

Coal slag

0.67

101

Countercurrent

Automatic addition of2 M NaOH

2 l/min (20 s) to 8 l/min (5 s)

4.98 to 498.12 g/m3/h

20 to 500ppm

75.5 to 301.9 m/h

With or without pH control

80ml/min

Once per 7-d operation or pH < 2

Coal slag, which was collected from the Castle Peak Power Station in Hong

Kong, was employed as the supporting materials in this study. Table 3.1

summarizes the physical properties of the coal slag for this particular study. The

study employed sieving to select the coal slag with the size range of 2 to 5 mm.

The pre-treatment of collected materials was similar to the procedure described

in section 3.3.1.

Microorganisms and inocula

Activated sludge was obtained from a return activated sludge stream at the Tai Po

Sewage Treatment Works in Hong Kong. The selected bacteria, including
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autotrophic sulphide oxidizing bacteria (SOB) and autotrophic ammoma

oxidizing bacteria (AOB), were prepared using 5 ml of activated sludge

acc1imated in a 250-ml Erlenmeyer flask containing 100 ml of selective media

(Tables 3.2-3.3). The initial pH ofthe bacterial culture was adjusted to around 7.0

using 2 N NaOH. The culture was incubated on the rotary shaker at 300 rpm and

30°C. The change of pH of the medium was monitored during the incubation.

When the culture pH decreased to less than 2, the culture was transferred to a

fresh medium using an inoculum of 5-10% (v/v). After 4 weeks (4 transfers), the

selected inocula were deemed ready for the performance study.

4.3.3 Reactor operation strategy

Bacterial immobilization

Before the start-up of the column reactor, the inoculum (SOB) was transferred to

a recirculation tank with a 10-1 thiosulphate medium with an aeration system for

about 5-d pre-incubation. The bacterial density of the enriched inoculum was

106_107 CFU/ml of SOB. Thereafter, the enriched inoculum in the recirculation

tank was continuously sprayed on the packing surface for immobilization

through the peristaltic pump at a water flow rate of 80 ml/min. Meanwhile,

Na2S203 in the thiosulphate medium was replaced by H2S gas that acted as the

energy source for the growth of bacteria. A relatively low concentration of H2S

was introduced into the biotrickling reactor with a low flow rate of 2 l/min

(EBRT = 20 s). The corresponding loading during the start-up period was 4.98

g/m3/h.

The decrease of the pH in the medium represented the biodegradation of the

reduced sulphur species indirectly produced by the hydrogen ions. When the pH
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of the recirculation liquid dropped to below 2 and the stable removal efficiency

was achieved (>98%), the startup of the reactor was deemed completed. After the

completion of immobilization « I week in this study), the system was ready for

the performance study under different operating conditions.

Continuous experiment

The operating conditions for the continuous experiment are summarized in Table

4.2. The effects of the various operating parameters were studied when the

reactor start-up was completed. These parameters included the concentrations,

EBRTs, and pH control. The new operating conditions were adjusted when the

outlet gas concentration reached a constant level.

Table 4.2 Operating conditions for the continuous experiment
Stage Gas Parameters Values pH control

1 H2S only Cone (ppm) 20 to 500 Yes

EBRT (s) 8,10,13.3,20

Q (I/min) 2,3,4,5

2 H2S only Cone (ppm) 100 to 500 Yes

EBRT (s) 5,5.7,6.7

Q (I/min) 6,7,8

3 H2S only Cone (ppm) 20 to 400 No

EBRT (s) 13.3 and 20

Q (I/min) 2 and 3

4 NH3 only Cone (ppm) 200 to 500 Yes

EBRT (s) 8

Q (I/min) 5

5 H2S + NH3 H2S cone 120 to 400 No

NH3 cone 200 to 500

EBRT 6.7,8,10

Q (I/min) 4,5,6
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4.3.4 Analytical methods

Gaseous pollutant measurement

H2S concentration was determined by two online hydrogen sulphide sensors

(inlet: 0-500 ppm, GP-HD, BW Technologies Ltd.; outlet: 0-100 ppm, TP-524C,

Detcon Co. Ltd.). NH3 concentration was determined by two online ammonia

sensors (inlet: 0-500 ppm, GP-AD, BW Technologies Ltd.; outlet: 0-100 ppm,

DM-502IS-NH3,Detcon Co. Ltd.). The sensors were connected to a data log

system (MeterView 3, Cole-Parmer) and a personal computer.

Aqueous phase analyses

The pH of solution was measured using a pH meter (Model 720, Thermo Orion).

Sulphate, nitrite and nitrate were measured using an ion chromatograph with

flow injection analyzer (LC 20 with Conductivity Detector CD 25, Dionex).

Sulphide concentration was determined in duplicate with spectrophotometer

(DR/201O, HACH). The total dissolved sulphur of the aqueous samples were

analyzed by an inductively coupled plasma- plasma-atomic emission

spectrometry (ICP-AES, Perkin-Elmer Optima 3300DV) with an acid digestion

at the S emission line of 180.669 nm with three replicate measurements. The

calibration was linear from 1 to 50 mg/l with R2 = 0.9998. This is the most

convenient method for the mesurement of dissolved sulphur in water samples

above 1 ppm (Prietzel et aI., 1996). A successful application can be found in a

similar study (Duan et aI., 2007).

Solid phase analyses

Coal slag samples were shaked with deionized water for 24 h, in order to conduct

an analysis of the concentrations of sulphate, sulphide, nitrite and nitrate. For the
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total sulphur analysis, coal slag was shaked with 5 % nitric acid for 24 h. The

sulphur compounds in aqueous form were determined by the methods described

in the previous section. The concentration of elemental sulphur was calculated by

the difference between total sulphur and sulphur compounds (S042- and S2-).

Scanning Electron Microscope (SE M)

The characteristics of the coal slag surface and the attached biofilm were

observed under SEM (Philips XL 30 Esem-FEG Environmental Scanning

Electron Microscope). Prior to the observation under SEM, small pieces of coal

slag were fixed with the fixative of 4% paraformaldehyde in 0.1 M PBS

(phosphate buffer saline). Thereafter, the coal slag was dehydrated in a sequence

with different concentrations of 30%, 50%, 70%, 90% & 100% of ethanol for 20

mins to 30 mins in each concentration. A drying agent (hexamethyldisilazane)

was used to soak the coal slag to replace the ethanol (Dykstra and Reuss, 2003).

Subsequently, the coal slag was poured onto the filter paper in fumehood and

mounted onto an aluminum holder. The whole aluminum holder with coal slag

was then coated with gold by BAL- TEC SCD 050 Sputter coater.

Braunner-Emmett- Teller (BET) analysis

The specific surface area, micropore surface area, and total pore volume of coal

slag were measured by a micrometrics BET analyzer (ASAP 2010). The samples

were first freeze-vacuum-dried for 24 h. Thereafter, they were degassed to at

least 1.75 Pa pressure at 70°C prior to the analysis. The samples that were

determined for BET analysis in this study included raw coal slag and inoculated

coal slag collected on Day 180.

77



4.4 Results and discussion

4.4.1 Startup of biotrickling reactor

The continuous experiment of H2S removal in the biotrickling filter with pH

control was started with a mass loading of about 5 g/m3/h, corresponding to an

inlet concentration of 20 ppm and an EBRT of 20 s (i.e. Q = 2 l/min).

Figure 4.3 shows the treatment performance of the reactor during the acc1imation

period. In the beginning of the experiment, an instantaneous removal (around

70%) was observed. The adsorption ofH2S on the coal slag and the absorption in

the water layer may have been the main cause of this removal. Subsequently, the

removal dropped from 70% to 55% within 1.5-d operation. This could be

explained by the saturation of the coal slag with H2S and by the ongoing

microbial acc1imation. After the 4-d operation, the removal efficiency of H2S

increased from about 55% to above 99%. This indicated that the attached biofilm

acc1imated to H2S. The acclimation lasted around 4 days, after which the high

and stable removal efficiency was maintained for the remaining period of the

startup process. The high removal efficiency and the quick startup demonstrated

that the SOB selected from the activated sludge was highly active and they are

suitable for H2S removal.

In biotrickling filters, H2S removal may be due to physical adsorption and

absorption. Hence, treatment performance should not be evaluated by removal

efficiency alone. As such, the evolution of pH and sulphate should be also

considered. The pH and the sol- concentration as a function time are illustrated

in Figure 4.4.
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The pH in the recirculation liquid dropped from 7 to 2.4 within the 7-d operation.

In contrast, the S042
- concentration increased significantly from 120 to 2900 mg/I.

These indicate that H2S was completely oxidized to the final products (Wand

S042
-) at the low loading in this system. The results also show that H2S was

effectively removed by the microbial activities rather than the physical

adsorption in the system. This was also consistent with the results of section

3.3.2(study of the dynamic adsorption ofH2S). Moreover, the breakthrough time

of same reactor without inoculation was less than 20 h. S042
- and H+ are the

by-products of the biodegradation of H2S by SOB at low inlet concentrations

(Chung et aI., 2000;Gabriel and Deshusses, 2003).As shown in Figures 4.3and

4.4, the experimental results obtained in this study indicated that startup of the

biotrickling filter was completed after the 5-d operation.
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Figure 4.3 H2S removal efficiency during start-up period
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Figure 4.4 pH and sulphate concentration during start-up period

In order to conftrm the formation of bioftlm on the coal slag surface, the coal

slag was collected for the microbial analysis and observed under SEM after the

completion of immobilization (Day 7). It was found that the population density

of bacteria attached to the coal slag was (5.8 ± 1.2) x 107 CFU/g (n = 5). Figures

4.5 and 4.6 illustrate the SEM photos of raw coal slag and inoculated coal slag,

respectively. It was found that the bacteria were rod shape, motile, 0.5 J..IID by

I J..IID with rounder ends, and chains of two and three cells. Likewise, the

microorganisms were Gram negative bacteria. The morphology of the selected

bacteria was similar to the bacteria selected from the activated sludge for the H2S

removal in bioftlteration systems (Chen et aI., 2004; Lee et aI., 2005; Duan et aI.,

2006; Yu et aI., 2007).

The results indicate that coal slag is a superior supporting material for bacterial
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attachment. In this study, the immobilization period was also reasonably short

compared to other traditional biotrickling filters packed with inert materials.

Duan et al. (2005; 2006) showed that a 1- to 4-week operation was required for

the biofilm development in the biotrickling filter packed with activated carbon.

Figure 4.5 SEM photo of raw coal slag
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Figure 4.6 SEM photo of inoculated coal slag on Day 7

4.4.2 Overall treatment performance for H2S removal

After the acclimation process was completed, the H2S treatment performance of

the system was evaluated under different operating conditions by altering the

inlet concentrations (20 to 500 ppm) and the flowrates (2 to 8 l/min). The

removal efficiency of the biotrickling filter during the 25-month operation (2

separate stages, Table 4.2) is shown in Figure 4.7. The operating conditions were

changed when the steady removal efficiency was obtained. Thereafter, each

condition was maintained for at least 3 days to ascertain the equilibrium.

In the first stage of experiment, the reactor was operated under a flowrate of 2

lImin. As a result, excellent treatment performance was achieved. The removal

efficiencies ranged from 100 % to 99.9 % when the inlet concentration increased

from 20 ppm to 500 ppm. The reactor could be rapidly acc1imated after each
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change of concentrations within the 3-h operation. This result indicated that the

stability of the bacterial community was well developed, because a quick

response could be obtained for the change of operating conditions. Consequently,

the flowrate increased gradually from 3 l/min to 8 lImin. The removal efficiency

of H2S decreased from 99 % to 84.32 % at the highest gas flow rate of 8 l/min

(EBRT = 5 s) and the concentration of 450 ppm.

A stable treatment performance of the system was achieved for around 2 years.

During the entire operation period, no clogging problem was found. This may be

explained by the appropriate washing of the trickling liquid and the

comparatively low amount of biomass in the reactor treating H2S and NH3. It is

generally known that autotrophic SOB and AOB produce much less biomass than

heterotrophs such as toluene degrading isolates (Shareefdeen and Singh, 2005;

Madigan and Martinko, 2006). The results also showed that waste materials,

including coal slag from power plant and waste activated sludge from wastewater

treatment processes, are suitable for the real application of biofiltration system

for the a long-term odour treatment.
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Figure 4.7 Performance of biotrickling filter for H2S removal with pH control
strategy

During the various stages of the experiment, the biomass attached on the coal

slag was collected and identified using scanning electron microscopy. Figures

4.8-4.13 show the SEM photos of coal slag at different operation periods. The

SEM photo of raw coal slag showed an open and macrospore structure of the

inert material (Figure 4.5). Bacteria were directly attached to the surface of coal

slag when the startup process was completed, however, the biofilm was not well

developed by the connection of polysaccharide excreted substances from the

cells (Figure 4.6).

As shown in Figures 4.8 and 4.9, the coal slag was gradually coated with biofilm

with the operation. After the 45-d operation, the biofilm was distributed

throughout the coal slag surface (Figure 4.8). The cells were not only laden on

the surface but also inside the holes, moreover, the active biofilm successfully

84



developed on the coal slag surface with little dead cells or metabolic products

when the reactor was operated for 90 days (Figure 4.9).

After the 180-d continuous operation, the biofilm became sticky and thick

(Figures 4.10-4.12). The good structure ofbiofilm and cells were maintained for

a long-term operation. Dead cells, extracellular polymeric substances (EPS),

metabolic products (e.g. elemental sulphur) and other microorganisms (e.g. ball

shaped bacteria and fungi) were found to have accumulated on the coal slag

surface.

Figure 4.13 shows the SEM photo of filter medium that was collected on Day

360. The stable biofilm was still maintained and the quantity of the metabolic

products was increased. Some light yellow particulates were found on the surface.

This could have been the result of the accumulation of elemental sulphur on the

coal slag surface when the loading was higher than the critical value (Elias et aI.,

2002; Fortuny et aI., 2008).

The extent of microbial growth and the effect of the presence of biofilm on coal

slag were determined by the BET surface area analysis. The pore and surface

characteristics of virgin and inoculated coal slag are summarized in Table 4.3.

The micropore volume of inoculated coal slag was close to that of raw coal slag,

thus, showing that most of micropores in coal slag remained empty after the

180-d operation.

Given that the size of the bacteria was relatively larger compared to mesopores

(2-50 nm) and micropores (0.4-2 nm), consequently, the reduction of external
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area was greater than that of micropore. Microorganisms should attach on the

external surface to form a biofilm layer. The smaller average pore diameter of

inoculated coal slag after 180-d operation may be caused by the adsorption of the

metabolic products into the macropores. This result is in agreement with the

findings in the previously mentioned similar study (Ng et aI., 2004; Duan et aI.,

2005; Liang et aI., 2007).

Table 4.3 BET analysis results ofthe virgin and the inoculated coal slag (n=5)
Surface area (m2/g) Micropore Average pore

BET External Micropore volume (cm3/g) diameter (nm)

Raw coal slag 31.48±1.49

Inoculated coal 20.60±0.92

slag (Day 180)

31.09±1.28

20.25±1.05

0.39±0.05

0.35±0.07

0.1154±0.0018 14.14±0.82

0.0950±0.0051 9.53±0.61

Reduction (%) 65.45 65.15 10.2 82.50 32.60

Raw activated 1031.5 505.9 525.6 0.276 1.98

carbon*

Inoculated carbon 853.8 394.0 459.8 0.209 1.96

(Day 200)*

Reduction (%)* 82.77 77.88 12.5 75.72 1.01

*Duan et aI., (2005)
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Figure 4.8 SEM photo of coal slag (after 45-d operation)

Figure 4.9 SEM photo of coal slag (after 90-d operation)
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Figure 4.10 SEM photo of coal slag (after 180-d operation)

Figure 4.11 SEM photo of coal slag (after 180-d operation)
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Figure 4.12 SEM photo of coal slag (after 180-d operation)

Figure 4.13 SEM photo of coal slag (after 360-d operation)
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4.4.3 Effects of concentration on H2S removal

The effects of H2S concentration on the treatment performance were studied by

the step increase of inlet concentrations from 15 ppm to 500 ppm at various

constant flow rates from 2 to 8 l/min. Figure 4.14 shows the removal efficiency

as a function of inlet concentration.

At the flowrates of 2 and 3 l/min together with the removal efficiency above 99.9

% and 99.3 %, an excellent treatment performance was obtained when the

concentration was raised to 500 ppm, respectively. No sudden decrease in the

removal efficiency was also found when the change of operating conditions at

the flowrates from 2 to 3 l/min. For the flowrate of 4, high performance with

above 95 % removal efficiency was achieved in all of the tested concentrations.

At the flowrate of 5 l/min, the removal decreased from above 97% to less than

95%. It was further reduced to 87.9% at the concentration of 480 ppm.

At higher flowrates (6 to 8 l/min), the removal efficiency more than 98% was

maintained at the concentration below 120 ppm. However, the removal efficiency

dropped significantly to less than 85% at the higher concentrations (450 ppm, 7

l/min), with an outlet concentration of up to 60 ppm. Given the changes of

concentrations, the removal efficiencies in all cases were restored and stabilized

within the I-d operation even at a relatively short EBRT of 5 s. Furthermore, a

noticeable decline of removal efficiency appeared at the inlet concentrations

above 350 ppm.

Figure 4.15 shows the relationship between the elimination capacity and the inlet

concentration. In general, the removal efficiency decreased gradually when the
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concentration increased at a uniform flow rate. When the flowrate was less than 7

lImin, the elimination capacity increased linearly with the concentration range

tested. At the flowrates of 7 and 8 l/min, a weaker linear relationship was found

between the elimination capacity and the inlet concentration. As a result, the coal

slag biotrcikling reactor could treat H2S in a wide range of inlet concentrations,

likewise, no overt growth inhibition occurred when the H2S concentration went

up to 500 ppm.
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Figure 4.14 Effects of concentration on treatment performance
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Figure 4.15 Elimination capacity under various inlet concentrations

4.4.4 Effects of EBRT on H2S removal

The removal of H2S in a biotrickling filter involves two steps. First, H2S is

dissolved from the gas phase by transferring into the liquid phase or the biofilm.

Second, it is metabolized by the autotrophic SOB in biofilm.

The effects of EBRT on the system performance was investigated with the

increase of flowrates from 2 l/min (EBRT = 20 s) to 8 l/min (EBRT = 5 s) at

constant concentrations between 100 ppm and 450 ppm. Figure 4.16 shows the

H2S removal efficiency as a function of EBRT. It is observed that the removal

efficiency decreased together with the decrease of the EBRT over all the studied

concentration ranges. The level of deterioration of efficiency increased with the

increase of concentrations, especially at the flowrates higher than 6 l/min. This

indicated that a longer EBRT was required for complete removal under the

conditions with high H2S concentration. The elimination capacity as a function of

EBRT at different constant concentrations is shown in Figure 4.17. The higher
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elimination capacity was obtained at the shorter EBRT and with the increase

trend of concentrations. The highest elimination capacity was 375 g/m3/h (83%

removal) at the EBRT of 5 s and when the concentration was 450 ppm.
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Figure 4.16 Effects of EBRT on treatment performance
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The removal performance of the biotrickling filter at short EBRTs «6 s)

significantly deteriorated compared to that at long EBRT. This was especially

true at the very high concentrations (400 and 450 ppm). In this study, the results

revealed that mass transfer limitation becomes more critical in affecting the

performance of biotrickling system. Similar observation was also found in other

study of biotrickling filter (Duan et aI., 2005). Some studies show that the

reduction of removal efficiency may be mainly due not only to the insufficient

reaction time between pollutant and bacteria, but also to the slower diffusion of

H2S from the gas into the liquid phase or into the biofilm (Jin et aI., 2005; Duan

et aI., 2006; Ho et aI., 2008; Jeong et aI., 2008). In many sources of waste gases,

such as polluted air in wastewater treatment plants, H2S concentrations are less

than 30 ppm (Duan et aI., 2006). Therefore, a complete removal should be

achieved in this system even at a very short EBRT of 5 s.
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However, Sublette and Sylvester (1987) reported that H2S could be degraded by

a pure culture of Thiobacillus denitrificans within 1 to 2 s. In other words, H2S

could be biodegraded easily by the appropriate bacteria in the biofilm. This study

found that insufficient reaction time may not explain the reduction in H2S

removal efficiency at lower EBRT. This phenomenon may be due to the

existence of a permanent water layer surrounding the biofilm in the biotrickling

reactor, thus, inhibiting the H2S mass transfer (Krailas et aI., 2000; Chung et aI.,

2004; Lee et aI., 2006; Liang et aI., 2007). In addition, Kim and Deshusses,

(2005) reported that the mass transfer from the liquid to the biofilm is more

critical, while the external mass transfer resistance could be negligible at a high

gas flowrate. The non-uniform spraying of recirculation on the packing may

possibly provide an explanation for this limitation.

The removal performance of biofiltration system may not be only controlled by

the mass transfer process; moreover, it also may be limited by the availability of

CO2 in the gas stream. According to previous studies, the CO2 concentration in

ambient air should be sufficient to act as the carbon source of SOB for H2S

biodegradation (Jin et aI., 2005). Therefore, the effects of CO2 concentration on

the H2S removal using autotrophic microorganisms were not included in this

study.

4.4.5 Effects of loading rate on H2S removal

The critical loading and the maximum elimination capacity are critical factors for

reactor design. They are also the primary consideration of reactor performance

under identical operating conditions. In this study, the loading rates were

adjusted through the changes of the inlet concentration and the flowrate. During
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each step increase of the loading rates, less than 2 days were required to adapt to

the new condition and reach the new steady state value. The sulphur loading rate

was tested from 4 to 380 g/m3/h in this study.

Figure 4.18 shows the elimination capacity as a function of the inlet loading rate.

The solid line represents the elimination capacity that is equal to the loading rate

(100% removal efficiency). This curve allows for the comparison of bioreactors

with various sizes operated under different operating conditions. The H2S

elimination capacity exhibited a linear relationship with a complete removal up

to the H2S loading of 150 g/m3/h, thus, behaving like first-order kinetics. In this

study, the critical loading was defined as the removal capacity that was higher

than 99% removal. As shown in Figure 4.18, the critical loading of sole

contaminant was 153.5 g/m3/h for H2S, while the maximum elimination capacity

was 338 g/m3/h. This result compared favourably to those obtained in previous

studies that varied from 20 to 181 g/m3/h even at higher EBRTs (Table 4.4). For

the loadings higher than the critical value, the elimination capacity increased at a

slower rate. This resulted in the reduction of removal efficiency at higher

loadings. However, no leveling off was found within the loadings tested in this

experiment. The results also revealed that the treatment performance was mainly

controlled by the loading rate, which is equal to the inlet concentration divided

by EBRT, whereas concentration and EBRT could not affect the performance

alone (Melse and Mol, 2004).

For the inlet loadings below the critical value (153.5 g/m3/h in this study), the

system was in the mass transfer controlled regime, while the system was in the

reaction controlled regime at the loadings above the critical value (Ottengraf and
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Van Den Oever, 1983; Ottengraf, 1986). In the mass transfer controlled regime,

the biofilm is not fully active. However, in the reaction controlled regime, the

biofilm is completely active. Hence, the elimination capacity appears to be

constant and the reaction becomes independent of the inlet loading (Smet et aI.,

1998; Karilas et aI., 2000; Lee et aI., 2006). Factors such as diffusion limitations,

environmental stress and biological changes in the biofilm could also play a

significant role in the decline of the treatment performance at high loading rates.
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Figure 4.18 H2S elimination capacity as a function of the inlet loading
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Table 4.4 Comparison ofH2S removal capacities in various biofiltration systems
Biofilter

Packing material Microorganism Critical Max. References

loading elimination

(g/m3/h) capacity

(g/m3/h)

Compost Indigenous 100 130 Yang and Alien

(1994)

Poroous Acidithiobacillus 51 Shinabe et al.,

ceramics thiooxidans (1995)

Na-alginate Pseudomonas putida 20 Chung et al.,

beads (1996)

Ca-alginate Thiobacillus sp. 25 Chung et al.,

beads (1997)

Peat Sludge 66.5 71.0 Kim et al., (1998)

Rock wool Sludge 85.7 105.4 Kim et al., (1998)

Fuyolite Sludge 48.1 61.9 Kim et al., (1998)

Ceramics Sludge 20.6 28.9 Kim et al., (1998)

Poroous Sludge 145.8 Hirai et al., (2001a)

ceramics

Calcinated Sludge 50 Hirai et al., (2001 a)

cristoblite

Calcinated and Sludge 141.7 Hirai et al., (2001a)

formed obsidian

Granulated and Sludge 66.7 Hirai et al., (2001a)

calcinated soil

Megallantic peat Thiobacillus thioparus - 55 Oyarzun et al.,

(2003)

Granulated Sludge 26.7 Malhautier et aI.,

sludge (2003)

Organic Pig manure and 46 Barona et aI.,

waste-based sawdust (2004)

granule

Na-alginate Activated sludge 6 8 Kim et al., (2008)

beads
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Table 4.4 Comparison of H2S removal capacities in various biofiltration systems
(con't)
Biotrickling

Packing Microorganism Critical Max. References

loading elimination

capacity

Polyurethane Activated sludge 110 181 Gabriel and

foam Deshusses (2003)

Plastic pall rings Activated sludge 22.5 24.0 Jin et al., (2005)

Polyethylene ring Acidithiobacillus 83 Sercu et aI., (2005)

thiooxidans

Activated carbon Activated sludge 113 130 Duan et aI., (2005)

Activated carbon Activated sludge 100 150 Duan et al., (2006)

Coal slag Activated sludge 153 338 Present study

When the system operated under the conditions near or above the critical loading

(> 135 g/m3/h), the accumulation of whitish yellow deposit was found in the

column reactor from the inlet position to the upper layers (Figure 4.19). The rates

of deposition increased with the increase of inlet loading rates. Chung et al.

(1997) revealed that the major metabolic products of Thiobacillus are sulphate

and elemental sulphur, while the ratio of sulphate and elemental sulphur is

dependent on the H2S concentration. Elemental sulphur is the major byproduct

when the high concentration is introduced. Sologar et al. (2003) suggested it is a

common pheromone that occurs in biofiltration treating H2S at or higher than the

critical loading.
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Figure 4.l9a Yellow deposits attached on the packing medium at loading of 150
g/m3/h

Figure 4.l9b Yellow deposits attached on the packing medium at loading of 300
g/m3/h

H2S oxidization involves two processes, consisting of an initial oxidation to

elemental sulphur followed by a slower oxidation to sulphate. According to the
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stoichiometry of aerobic biological sulphide oxidation, oxygen is the key

parameter that controls the level of oxidation. This is obtained through the

following equations:

2HS- + O2 ~ 2S0 + 20H- t..Go = -129.50 kJ/mol

2HS- + 402 ~ 2sol- + 2W t..Go = -732.58 kJ/mol

Oxygen limitation can be explained by the elemental sulphur production from the

partial oxidation of sulphide instead of the complete oxidation to sulphate. The

first step reaction requires less energy than the second process because it needs

four-fold less oxygen (Duan et aI., 2005). The accumulation of the insoluble

byproducts, such as elemental sulphur, may inhibit the bacterial activity.

Therefore, further research may be conducted on the effects of oxygen on the

formation of various metabolic products in H2S oxidation.

However, the soluble byproducts such as sulphate, did not accumulate in the

packing due to the continuous recirculation of liquid phase. It is possible that this

is the reason for the extremely high elimination capacity that was achieved in this

study in comparison with other similar treatment systems. The results of this

study indicated that the biotrickling filter packed with coal slag and inoculated

with the acc1imated activated sludge is a viable alternative method of

conventional biofiltration for H2S removal under very high mass loading rates.

4.4.6 Effects of pH control strategy on H2S removal

In this study, the effects of pH control strategy in the recirculation system on H2S

removal were determined at the flowrates of 2 and 3 l/min and the concentrations

from 20 ppm to 400 ppm. The treatment performance of the biotrickling filter

without pH control was compared to the same system that was operated at
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neutral pH (section 4.3.5) and the same operating conditions.

Sulphate and hydrogen ion are released as final by-products of the complete

biodegradation of H2S. However, sulphate cannot be consumed by other

biotransformation processes. Consequently, S042
- will accumulate in the

recirculation system rapidly and the pH will also drop to the point where the

microbial ecosystem is inhibited (Jin et aI., 2005). In this study, the pH of

recirculation liquid dropped from 7 to 2 within one-week operation, and

stabilized between 1.5 and 2.

Figure 4.20 illustrates the relationship between removal efficiency and H2S

concentration. At the mass loading of 100 g/m3/h, the H2S removal efficiency of

the system without pH control dropped significantly from 99% to 75% and from

98% to 62.5% at the flowrates of 2 and 3 l/min, respectively. Figure 4.21 shows

the H2S elimination capacity as a function of the mass loading. The significantly

higher H2S removal capacity was obtained in the pH control system. The critical

loading of the system without pH control reduced dramatically from 153 to 40

g/m3/h (Figures 4.18 and 4.21). The decrease of removal efficiency could be

caused by the acidic condition (pH <2). This is generally considered not

optimum for bacterial H2S degradation. This is in agreement with other similar

studies which found that the optimal H2S removal capacity was obtained under

neutral pH (Madigan and Martinko, 2006; Syed et aI., 2006). Chen et al. (2004)

indicated that the highest specific growth rate of SOB was obtained at the

optimal pH of 6-7, while the specific growth rate of SOB at pH of 2 was only 50

% in comparison to the pH of 6.
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It is well known that different types of SOB (acidophobic and acidphilic) are able

to degrade H2S at pH between 1.0 and 7.5 (Islander et aI., 1991; Smet et aI., 1998;

Duan et aI., 2005; Madigan and Martinko, 2006). However, at a higher pH, HS-

is more available in the biofilm, because hydrogen sulfide incompletely

dissociates in the water phase according to the following equation: H2S(aq)~ W

+ HS-. This leads to the coexistence of the ionized and unionized forms of H2S

(Yongsiri et aI., 2004), and the favourable environment for SOB activities at high

pH (Jin et aI., 2005) .

• 2 I/minwithout pH control <> 2 I/minwith pH control
• 3 I/minwithout pH control b" 3 I/minwith pH control
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o 100 200 300 400 500
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Figure 4.20 Effects of pH control on the treatment performance under various inlet
concentrations
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Figure 4.21 Effects of pH control on H2S elimination capacity at various H2S
loading

4.4.7 Performance of ammonia removal

In order to evaluate the effects of NH3 on the H2S treatment performance in the

biotrickling filter, the critical loading and the maximum elimination capacity of

NH3were determined prior to the start of the study on the simultaneous removal

The NH3 removal efficiency in the biotrickling filter was investigated at the inlet

concentrations in the range from 250 to 450 ppm and at a constant flowrate of 5

lImin. The corresponding inlet loading was from 78.2 to 140.8 g/m3/h under the

operating conditions. Less than 2 days were required to adapt to the new

operating condition for NH3 treatment during each step increase in the mass

loadings. Thereafter, the new steady state is also reached. This was similar to the

H2S removal. Given that the preliminary study (chapter 2) showed that the high
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activity of AOB can be achieved at a pH around 6-7, consequently, the pH of

recirculation liquid was maintained between 6.5 and 7 in this experiment.

Figure 4.22 shows the NH3 removal efficiency as a function of the inlet

concentration. The results demonstrated that the bacterial community of AOB in

the reactor provided a stable and consistent removal even at the beginning of the

experiments. In general, the removal efficiency decreased with the increase of

NH3 concentration. A complete NH3 removal was achieved during the operation

at the inlet concentration of 250 ppm. No NH3 (below the detection limit = 0.1

ppm) was consistently detected at the outlet. A superior treatment performance,

higher than 98%, was achieved at the inlet concentration below 400 ppm. The

removal efficiency remained above 99.9% at the concentration of 275 ppm (0.2

ppm detected at the outlet). This slightly decreased to 98.9% at the concentration

of 350 ppm (4.6 ppm detected at the outlet). The outlet concentration

significantly increased from 4.6 ppm to 75.2 ppm when the NH3 concentration

increased from 350 to 450 ppm (removal efficiency dropped from 98.9 % to 83.3

%).

To evaluate the effects of concentration on the treatment performance, NH3

elimination capacity was determined from the inlet and outlet gas concentrations

as a function of the inlet loading. Figure 4.23 shows the relationship between

elimination capacity and inlet NH3 loading rate at the EBRT of 8 s. A linear

region shows the complete removal capacities of the system that were obtained

below the loading at 90.5 g/m3/h. The critical loading of the system was 108.1

g/m3/h with higher than 99% NH3 removal, while the maximum elimination

capacity was 118 g/m3/h. Table 4.5 shows that the results of this study are
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relatively high in comparison with other studies.

When the loading was higher than the critical value, the biofilm would be

completely saturated with NH3 until a loading of 140.8 g/m3/h. Moreover, the

mass transfer limitation would inhibit the overall removal capacity at the loading

less than 108.4 g/m3/h (Ottengraf, 1986; Kim et aI., 2007). Kanagawa et al. (2004)

reported that 4.5 s was required for the biodegradation of NH3 by nitrifying

bacteria. In this study, the system was operated at EBRT of 8 s. This showed that

the decrease of removal may be due to the mass transfer limitation from gas to

liquid phases or the inhibitory effect of high NH3 concentration on the oxidation

activity of AOB.
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Figure 4.22 NH3 removal as a function of NH3 concentration at the flowrate of 5
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Figure 4.23 NH3 elimination capacity as a function ofNH3 loading
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(2002)

Choi et al., (2003)

Chen et aI., (2005)

Choi et al., (2003)

Kim et al., (2000a)

Kim et al., (2000a)

Kim et al., (2000a)

Kim et al., (2000a)

Kim et al., (2000a)

Gracian et al.,

Chen et aI., (2005)

22.6

14.0

10.1

Critical loading Max. elimination References

(g/m3/h) capacity

(g/m3/h)

41.7

50.0

28.3

38.3

114.0

20.8

12.0

11.8

19.0

Night soil sludge 30.0

Night soil sludge 33.8

Night soil sludge 22.1

Night soil sludge 23.8

Vibrio alginolyticus 93.0

Activated sludge 5.8

Peat

Rock wool

Fuyolite

Ceramics

Fuyolite

Granulated

sludge

Compost + bark + Activated sludge

peat

50% organic + Activated sludge

50% inorganic

Compost + 20% Activated sludge

perlite

Sludge + 20% Activated sludge

GAC

Table 4.5 Comparison OfNH3 removal capacities in various biofiltration systems
Biofilter

Packing material Microorganism

Pall ring

Biotrickling

Ceramics

Coal slag

Activated sludge 4.5

Soil 34.3

Activated sludge 108.4

5.5

49.4

140.8

Kim et aI., (2007)

Kanagawa et al.,

(2004)

Present study
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4.4.8 Simultaneous removal of B2S and NB3

The mixture of H2S with a high concentrations and NH3 with a low concentration

is always emitted from different industrial processes (Malhautier et aI., 2003;

Chung et aI., 2007). However, there is no available in-depth study of the

simultaneous removal of H2S and NH3 in biotrickling filters. A detailed

investigation on the removal mechanisms is required for the widespread

application of the biofiltration technology in the treatment of mixed odour.

In previous sections, relatively high elimination capacities of H2S and NH3 were

obtained in the biotrickling filter inoculated with selected autotrophic bacteria. In

place of the inoculation of two pure cultures for the simultaneous treatment of

H2S and NH3, such as Pseudomonas puida and Arthrobacter oxydans (Chung et

aI., 2004; 2005), and Thiobacillus thioparus and Nitrosomonas europaea (Chung

et aI., 2007), the biotrickling system seeded with a mixed culture from activated

sludge would be a feasible method. In this study, the removal characteristics for

the coexistence of H2S and NH3 were studied by introducing different H2S and

NH3 loadings into the system.

In order to determine the possible or negative effects ofNH3 on the H2S removal

in an originally autotrophic system treating single H2S gas, NH3 was supplied in

the range of loading rates from 80 to 140 g/m3/h. Likewise, the H2S loading was

maintained at 120 g/m3/h, it was slightly less than the critical value (153 g/m3/h)

obtained in previous experiment. Hence this avoided the H2S removal efficiency

limited by the inhibitory effects of high H2S loads.

Figure 4.24 shows the H2S removal efficiency as a function of NH3 loading at
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various flowrates. Excellent H2S and NH3 removals (>98.5 %) were obtained at

the NH3 loading of 80 g/m3/h at all EBRTs tested. Apparently, the H2S removal

was significantly affected by the present of NH3 at the NH3 loadings higher than

100 g/m3/h. The H2S removal decreased from 98.5% to 51.2% when the NH3

loading increased from 80 to 140 g/m3/h at the flowrate of 6 l/min. The results

also indicated that the H2S removal was more sensitive to EBRT than the NH3

removal in this system.

There are two possible reasons of this phenomenon. First, it may be due to the

solubility of H2S that is lower than that of NH3. Chung et aI., (2007) suggested

the EBRT should be more than 22 s and 30 s to obtain an above 97% removal

efficiency of H2S and NH3, respectively. Another study also reported that H2S

oxidization by microorganisms is required for 1-2 s (Sublette and Sylvester,

1987). Second, the activities of SOB may be inhibited by the high NH3

concentration due to the competitive adsorption of two gases (Chung et aI., 2005).

Chung et al. (2001b) showed that the NH3 concentration higher than 120 ppm

significantly affected the H2S biodegradation in a biofilter.

The NH3 removal efficiency as a function of NH3 loading at various flowrates is

shown in Figure 4.25. The NH3 removal efficiency exceeded 95% under all

operating conditions tested, indicating the NH3 removal was not influenced by

the coexistence of H2S and NH3 in the system even at the relatively high loading

rates (H2S = 150 g/m3/h, NH3 = 140 g/m3/h). Compared to the NH3 removal

efficiency at the flowrate of 5 l/min obtained in Section 4.3.7 (Figure 4.23), a

similar performance was achieved at the NH3 loading below 110 g/m3/h.

Interestingly, the NH3 removal was improved by the existence of H2S at the NH3
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over 110 g/m3/h.At the flowrate of 5 l/min, the NH3removal efficiency increased

from 82.3 to 95.6 % when H2S coexisted with NH3at 120 g/m3/hin the system.

Although hydrogen ion, sulphate and nitrate are the byproducts of the

biodegradation of H2S and NH3, the pH of recirculation remained between 6.2

and 7.3 during the whole experimental period. Thus, no significant reduction of

pH was observed. This may be caused by the formation of elemental sulphur that

are neutral and do not change the pH. In addition, part of NH3 may be removed

by the reaction between NH3 and sulphate, which is a metabolic by-product of

the oxidization of H2S by SOB, to form (NH4hS04.

This confirmed that higher removal capacity of the system was achieved in the

biotrickling reactor that was simultaneously treating H2S and NH3. This result is

in agreement with Chung et al. (2001a) and Kim et al. (2000b), who

demonstrated that adequate H2S concentration could favour the NH3

biodegradation in the biofilters. Similar results were also obtained in the studies

that delved on the cotreatment of H2S and NH3 in a biofilter seeded with pure

culture (Cho et aI., 1992a; 1992b; Lee et aI., 2005). Chung et al. (2005) reported

that the NH3 removal efficiency was not affected by the coexistence of H2S

operated at sufficient long EBRT. Lee et al. (2005) also reported the absence of

an adverse inhibitory effect of the (NH4hS04 accumulation up to 60 g/l on the

growth of SOB. Based on the obtained results, the pH control strategy is not

required for the simultaneous removal of H2S and NH3. Therefore, the operation

cost of biotrickling filters for the industrial application could be further reduced.

The common operating problem due to acidification of media is also avoided.
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Previous studies have shown that the removal efficiencies of NH3 in the

cotreatment of concentrated H2S and diluted NH3 in a wood chip biofilter, a

GAC biofilter, a ceramic biofilter, a coimmobilized cells biofilter and a fluidized

bed biofilter were 50%, 54% 90%, 95% and 98%, respectively (Chung et aI.,

2000; 2001a; Kim et aI., 2002a; Lee et aI., 2002; Jones et aI., 2004). These results

are relatively low compared to the present study.
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Figure 4.24 H2S removal as a function of NH3 loading under various flowrates
(H2S = 150 g/m3/h) (n=20)

112



I • Q = 4 [] Q = 5 x Q = 6 l!. Q = 5 (without H2S) I

100
95

~ 90
r> 85c:
Q)

"0 80
le
Q) 75
ca
i; 70
E
~ 65
:f 60z

55
50

80 90 100 110 120
NH3 loading (g/m3/h)

130 140

Figure 4.25 NH3 removal as a function of NH3 loading under various flowrates
(IhS = 150 g/m3/h) (n=20)

Figure 4.26 illustrates the critical loading and the maximum elimination capacity

of H2S at various NH3 loading rates at 5 l/min. The H2S critical loading (>99%

removal) decreased from 150.5 to 68.18 g/m3/h with the increase of NH3

loadings, indicating that the H2S metabolism was remarkably inhibited by the

coexistence ofNH3.

At the NH3 loading below 80 g/m3/h, less than 20% reduction of H2S removal

efficiency was found. This showed that NH3 produced a tremendous influence on

the H2S removal at the high NH3 concentration and loading rate. It may be due to

the high NH3 concentration that inhibited the activities of SOB.
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Figure 4.26 H2S critical loading and maximum elimination capacity as a function
ofNH3 loading at the flowrate of 5 l/min
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Figure 4.27 NH3 critical loading and maximum elimination capacity as a function
of H2S loading at the flowrate of 5 l/min
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The results in this study were much higher than other inert support treatment

systems. Table 4.6 shows the comparison of the simultaneous removal efficiency

with other studies. The effect ofNH3 on the H2S removal in this study is different

from some studies, which have reported that the high NH3 concentration did not

affect the H2S biodegradation (Malhautier et aI., 2003; Chung et aI., 2004) and

the excess NH3 could be utilized by SOB as a nutrient source (Galera et aI.,

2008).

The relationship between NH3elimination capacity and H2S loading is illustrated

in Figure 4.27. In contrast to H2S removal, there was no significant difference in

the NH3 criticalloadings among various H2S loadings (ANOVA,p > 0.05). This

implied that the performance of simultaneous removal of H2S and NH3 was not

negatively affected by the increase of loading up to 150 gH2S/m3/h. Figure 4.27

shows that when the H2S was supplied with NH3 simultaneously to the system,

the NH3 maximum removal capacities were higher than the values obtained in

the system treating single NH3 gas. The fluctuation of pH during the entire

experiment was between 6.8 and 7.3.

The treatment performance of the biotrickling reactor for simultaneous removal

of H2S and NH3is shown in Tables 4.7 and 4.8, respectively. Figures 4.28 and

4.29 illustrate the removal efficiencies of H2S and NH3under the various loading

rates tested in this study. The results clearly show that excellent removal

efficiencies (98.5 % for H2S; 99.5 % for NH3) could be achieved below the H2S

loading of 120 g/m3/h and the NH3 loading of 80 g/m3/h. These values are

significantly higher than those obtained from other studies for mixed H2S and

NH3(Chung et aI., 2001a; 2001b 2004; 2005; Malhautier et aI., 2003; Galera et
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aI., 2008). The results in this study were better than those of recent research

studies in this area. This indicates that the biotrickling reactor is suitable for the

simultaneous treatment of odour. Given that the acidic metabolites could be

reduced by the continuous spraying of recirculation liquid and the chemical

reactions, hence, the system was also able to solve the common problem of

biofilter operation for the simultaneous removal of high concentration of H2S and

NH3.
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Table 4.6 Comparison of simultaneous removal performance In vanous
biofiltration systems

Biofilter

Packing Microorganism H2S performance NH3 performance References

material

Na-alginate Thiobacillus CL = 4 g/m3/h CL = 5.7 g/m3/h Chung et

bead thioparus + al., (2000)

Nitrosomonas

europaea

Granular Thiobacillus CL = 48 g/m3/h CL = 4.5 g/m3/h Kim et aI.,

activated thioparus + MEC = 75 g/m3/h MEC = 8 g/m3/h (2002a)

carbon AOB selected

from activated

sludge

Granulated Sludge MEC = 28.3 g/m3/h MEC = 14.2 g/m3/h Malhautier

sludge (100% removal) (60-80% removal) et aI.,

(2003)

Granular Pesudomonas CL = 6.6 g/m3/h CL = 3.3 g/m3/h Chung et

activated putida + al., (2004)

carbon Arthrobacter

oxydans

Commercia - Inlet = 100 ppm, R = Inlet = 80 ppm, R = 99%, Jones et

I material 90%, EBRT = 85.8 s EBRT = 85.8 s al., (2004)

(BioReacti

on, LLC)

Wood compost Inlet = 100 ppm, R = Inlet = 80 ppm, R = 90%, Jones et

chips 85%, EBRT = 43.5 s EBRT = 43.5 s al., (2004)

Biotrickling filter

Packing Microorganism H2S performance NH3 performance References

material

Granular Pesudomonas CL = 6.25 g/m3/h CL = 4.2 g/m3/h Chung et

activated putida + al., (2005)

carbon Arthrobacter

oxydans

Coal slag Activated CL = 120 g/m3/h CL = 80 g/m3/h Present

sludge MEC = 150 g/m3/h MEC = 140 g/m3/h study
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Table 4.7 H2S removal efficiencies at various operating conditions

NH3 loading (g/m3/h)

0 80 100 120 140

Cl
100 99.8±0.1 98.8±0.1 96.8±0.8 93.7±1.3 87.1±2.2c:

'5
Cll
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Figure 4.28 Contour plot for H2S removal efficiency at various H2S and NH3

loadings
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Table 4.8 NH3 removal efficiencies at various operating conditions

NH3 loading (g/m3/h)

80 100 120 140

- 0 100.0±0.0 99.5±0.2 94.3±3.5 82.3±4.1~
""-

'"E
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.Q
en
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Figure 4.29 Contour plot for NH3 removal efficiency at various H2S and NH3
loadings
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Chapter 5 Mass balance and microbial community analyses

5.1 Introduction

Kinetics analysis and mass balance are established in this chapter. In addition, the

relationship between the treatment performance, metabolic by-products, and

microbial community are likewise determined. This will be carried out using

both culture and molecular- based methods to develop a fundamental

understanding of bacterial activities in the biotrickling reactor for the H2S and

NH3treatments.

The in-depth analysis of specific biokinetic parameters is essential if a modeling

approach is used to size the biofiltration system. Generally, mass transport and

biodegradation of contaminants are the two processes that simultaneously occur

in biofiltration. A number of studies suggest the substrate utilization rate of

odorous compounds by the microorganisms can be expressed by a

Michaelis-Menten type relationship (Deshusses et aI., 1995; Abumaizar et aI.,

1997; Kennes and Veiga, 2001). The oxygen concentration required for the

aerobic respiration ofthe microorganisms in the biofilm is assumed non-limiting.

At the steady state condition, the growth rate of the microorganisms due to the

biodegradation process is balanced by its own decay. This results in zero net

growth and biological equilibrium is eventually achieved (Diks et aI., 1994); thus,

kinetic parameters remain constant over the time period considered (Deshusses et

aI., 1995).

In order to understand the characteristics of H2S and NH3 biodegradation, the
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investigation of the metabolites of sulphur and nitrogen oxidation processes are

necessary. In the biotrickling filter, elemental sulphur and thiosulphates are

formed by incomplete sulphide oxidization. On the other hand, H2S is

incorporated into the microbial biomass or oxidized into a final by-product

(SOl) following various biochemical reactions. In connection with this, several

genera of sulphide-oxidizing bacteria (SOB) are involved and Thiobacillus

species plays a major role in the oxidation ofH2S (Sublette and Sylvester, 1987;

Smet et aI., 1998; Burgess et., 2001;Madigan MT and Martinko JM, 2006). The

biodegradation of NH3 takes place through a two-step nitrification process, NH3

is oxidized to nitrite (N02) by ammonia-oxidizing bacteria (AOB) and N02- is

subsequently oxidized to nitrate (N03-) by nitrite-oxidizing bacteria (NOB). NH3

can also be incorporated in organic forms in the microbial cells. Nitrosomonas

and Nitrobacter are the two most important microorganisms involved in the

process (Prosser, 1989; Schramm et aI., 1998; George and Stephen, 2001;

Madigan MT and Martinko JM, 2006). However, recent studies indicate that

other microorganisms, such as Nitrosospira, Nitrosococcus, Nitrospina and

Nitrococcus, might also be involved in the nitrification process (Aoi et aI., 2000;

Daims et aI., 2000; Coskuner and Curtis, 2002).

The removal capacity of the biotrickling filter is dependent on bacterial

population. Therefore, an evaluation of the shift of the bacterial community

under various operating conditions is important for the in-depth understanding of

the removal mechanisms (Syed et aI., 2006). Recently, biofiltration for the

control of odour emissions has been extensively studied due to its advantages of

low cost and superior performance. Although a single removal of H2S or NH3 in

biofiltration obtains excellent efficiency, treatment of a sole contaminant is
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deemed impractical for field application. Moreover, there remams much

unknown information in the process, including the removal performance and the

diversity of a bacterial community within biofiltration systems (Ho et aI., 2008).

The number and the sizes of species populations within a community are two

essential parameters in defming its structure and diversity. However, the

quantization of these parameters is severely limited by conventional

culture-dependent methods. Thus, the traditional methods of enumerating

bacteria, such as serial dilution and culturing on selective media are limited in

most cases. Amann et al. (1995) have previously indicated that up to 99% of the

microorganisms which are active in biofilters are not culturable by traditional

cultivation techniques.

Recently, molecular methods have been successfully used to analyze the bacterial

community structure in various environments. Among them, fingerprinting

techniques like terminal restriction fragment length polymorphism (T-RFLP)

have been proven very useful in studying the population dynamics of complex

microbial communities in various engineering systems. This method also

facilitates in rapidly comparing the community structure and diversity of

different ecosystems (Liu et aI., 1998; Regan et aI., 2002; Eschenhagen et aI.,

2003; Siripong and Rittmann, 2007; Wen et aI., 2008 ).

Furthermore, the results of bacterial community study utilizing culture and

molecular techniques could enhance the understanding of biodiversity in a

biotrickling filter. These could also provide a fundamental basis to evaluate the

treatment performance and the process stability. However, only a few studies
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have focused on microbial community analysis of a biotrickling filter which

treats mixed odorous pollutants by molecular-based methods.

5.2 Objectives

The overall goal of this study is to provide a fundamental understanding of

removal mechanisms in the biotrickling reactor and to support the results

obtained in previous chapters. The main objectives are to evaluate the removal

kinetics; to identify and quantify the metabolic products in the biodegradation of

H2S and NH3; and to characterize the bacterial community dynamics on the

treatment performance.

5.3 Methodology

5.3.1 Kinetics analysis

In this study, the kinetics parameters were determined from the modified

Michaelis-Menten model (Equation 7) fitting with experimental data for the

removal of single or mixed odorous compounds. The reciprocal of elimination

capacities was plotted against the reciprocal of log mean concentrations, while

Vrn and Ks were calculated by the Lineweaver-Burk method. The analysis was

conducted under the following common assumptions for biofiltration systems: (1)

gas streams flow through the plug flow in the reactor, (2) mass transfer is not a

limiting factor due to the supply of relatively high inlet concentrations, and (3)

oxygen is adequate for microbial aerobic respiration in the biomass (Hirai et aI.,

1990; Kim et aI., 2000b; Choi et aI., 2003).

The H2S and NH3 removal rates in the biotrickling filer are calculated using the

following equation derived from the Michaelis-Menten equation (Hirai et aI.,
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1990; Chung et aI., 200la; 200lb).

PmC
P= Ks +C

(1)

There is a relationship between the substrate utilization rate (rs) and the specific

microbial growth rate (Il) when biomass yield (Yxis) and biofilm density (B) are

assumed to be constant.

r =_dC=~p=BPm C =v _C_
s dt ¥;.,/s ¥;.,/s Ks + C m Ks + C

:. dt = Sa dl
Q

_ dC = Vm C (Sa J
dl Ks +C Qa

where
C: H2S or NH3 concentration (mg/m3)
1:length of reactor (m)
Vm: maximum apparent removal rate (g/m3/h)
Ks: half saturation constant (mg/m3)

Sa: cross section of reactor (m2
)

Q: gas flowrate (l/min)
a: conversion coefficient

(2)

(3)

By integrating equation (3) under the condition of C = Co at 1= 0, and C = Ce at 1

= L, the following equation is obtained:

rCe(K 1 I} S rL
Jco V~ x C + V

m
C = - Q~ Jo dl

Ks (lnC -lnC )+_1 (C -C )= SaL
V

m
0 e V

m
0 e Qa

Ks (In Co -lnCJ 1 SaL 1------+- = ------
Vm (Co -CJ Vm Qa (Co -CJ

where L is the height ofthe packed material (m)

(4)

(5)

(6)

Equation (6) can further be simplified by setting Cln = (Co-Ce)/ln(CoICe) and R =
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(7)

where
R: apparent removal rate (g/m3/h);

CIn:logarithmic mean concentration ofH2S and NH3 (mg/m\
V: reactor volume (m3)

These biokinetics parameters can be used for reactor design in the real

application. Meanwhile, the parameters obtained from lab- or pilot-scale systems

could also provide a better description for the real situation. Reactor volume

could be determined from the inlet concentration, gas flowrates, and discharge

standard, using the following equation rearranged from Equation (5).

(5)

(8)

(9)

5.3.2 Products analysis

Gaseous pollutant measurement

The H2S concentration was determined by two online hydrogen sulphide sensors

(inlet: 0-500 ppm, GP-HD, BW Technologies Ltd.; outlet: 0-100 ppm, TP-524C,

Detcon Co. Ltd.), while the NH3 concentration was ascertained by two online

ammonia sensors (inlet: 0-500 ppm, GP-AD, BW Technologies Ltd.; outlet:

0-100 ppm, DM-502IS-NH3,Detcon Co. Ltd.). These sensors were connected to

a data log system (MeterView 3, Cole-Parmer) and a personal computer.
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Aqueous phase analyses

The total dissolved sulphur (TDS) of aqueous samples was analyzed by an

inductively coupled plasma- plasma-atomic emission spectrometry (ICP-AES,

Perkin-Elmer Optima 3300DV) with acid digestion at the S emission line of

180.669 nm with three replicate measurements. The calibration was linear from 1

to 50 mg/l with R2 = 0.9998. This is the most convenient method in measuring

dissolved sulphur in water samples above 1 ppm (Prietze1et aI., 1996), and has

been successfully applied in a similar study (Duan et aI., 2007). Meanwhile,

sulphate, nitrite, and nitrate were measured using an ion chromatograph with

flow injection analyzer (LC 20 with Conductivity Detector CD 25, Dionex).

Sulphide concentration was determined in duplicate with a spectrophotometer

(DR/201O,HACH). Ammonia concentration was measured by an ion selective

analyzer with ammonia probe. The pH of the solution was measured using a pH

meter (Model 720, Thermo Orion).

Solid phase analyses

Although most sulphate, nitrite, and nitrate are soluble, some may remain on the

coal slag surface. To analyze the total available sulphur (TS) attached on the coal

slag surface, 1 g of coal slag was soaked in a 10-ml 5% HN03 solution and

shaken on an auto-shaker for 24 h to reach equilibrium (Duan et aI., 2007). In

measuring TDS and nitrogen compounds, 1 g of coal slag was soaked in 10 ml

deionized water and likewise shaken on an auto-shaker for 24 h to reach

equilibrium. Both samples were then filtered through a 0.45 J..IID membrane filter

paper to remove particles. The organic and gaseous nitrogen in the nitrogen mass

balance was determined by subtracting N03-, N02-, and NH/ from the total

nitrogen accumulated in the system (Gracian et aI., 2002). The sulphur and the
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nitrogen compounds in the aqueous phase were then determined by the methods

described in the previous section. The amount of other dissolved sulphur

compounds (including S032-, S2032-)was calculated by subtracting sol- and S2-

from the TDS. Elemental sulphur was calculated by subtracting the quantities of

TDS from TS (Janssen et aI., 1997) (Figure 5.1).

1 g coal slag + 20 m1DIW 1 g coal slag + 20 m15% HN03

Shaken for 24 h;
Filter with 0.45 ~ filter paper

iF

ICP analysis

Total dissolved sulphur (TDS) Total available sulphur (TS)

Notes: Total available sulphur (TS) = total dissolved sulphur (TDS) + elemental sulphur (s<1

~ SO=TS-TDS

TDS = sol- + S2-+ sol- + s20l-

~ Other dissolved sulphur (e.g. solo, S2032-) = TDS - sol- - S2-

(modified from Prietzel et aI., 1996; Janseen et aI., 1997; Duan et aI., 2007)

Figure 5.1 Sulphur analysis strategy

5.3.3 Bacterial community analysis

The bacterial community analysis for the packing medium and the recirculation

liquid was characterized using both culture- and molecular-based approaches.
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Culture-based method

Microbial counts were done by serial tenfold dilution of recirculation liquid and

biofilm samples, and subsequent plating on various selective media.

Heterotrophs and SOB were counted on plate count agar (Difco) and thiosulphate

agar (Table 3.2), respectively, while AOB (Table 3.3) and NOB (Table 5.1) were

counted on agar plates with ammonia and nitrite media. All autotrophic bacteria

were incubated without carbon source other than atmospheric C02. Fungi were

counted on potato dextrose agar (Difco).

Table 5.1 Composition of medium for NOB
NaN02 8 g/I

KH2P04 2 g/I

K2H2P04 2 g/I

MgCI2·6H20 0.4 g/I

CaCI2·2H20 0.05 g/I

Molecular-based method

The PCR and T-RFLP techniques were used to monitor the shift of microbial

community in the reactor under various operating conditions.

DNA extraction

Total DNA from inoculated coal slag and recirculation liquid were extracted by

UltraClean Soil DNA kits with inclusion of PCR inhibition removal solution

(MoBio Laboratories, Solana Beach, CA), following by the manufacturer's

protocol. The intact DNA was confirmed on a 1 % agarose gel electrophoresis.
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Amplification of 168 rRNA genes

16S rRNA genes of DNA extracted from the samples were amplified by the PCR

using the eubacterial primers 338f and 1492r (Table 5.2) (Regan et aI., 2002).

The 5' end of the forward primer was labeled with 6-carboxyfluorescein (FAM)

for T-RFLP analysis. The PCR reaction mixture contained Ix PCR buffer, 2mM

MgCh, O.2mMdNTP, 0.2 JlMof each forward and reverse primers, 2 Jll of DNA

template, and 2.5 U of Ex Taq DNA polymerase (TaKaRa Biomedicals, Otsu,

Shiga, Japan) in a 50-ml final volume. The PCR was performed in a thermal

cycler (pTC-200 DNA Engine, MJ Research Inc., Reno, NV; USA). Meanwhile,

the amplification was done with one denaturing step at 94°C for 5 min, followed

by 30 cycles of denaturing at 94°C for 1 min, annealing at 55°C for 1 min, and

extension at 72°C for 1.5 min with a final extension step at 72°C forlO min.

Table 5.2 PCR primers

Primer Sequence (5'-3')

Eub338f

1492r

ACTCCTACGGGAGGCAGC

TACCTTGTTACGACTT

Specificity

Bacteria 16S rRNA gene

Bacteria 16S rRNA gene

References

Amann et al., (1990)

Un and Stahl (1995)

Terminal restriction fragment length polymorphism (T-RFLP)

T-RFLP based on the 16S rRNA gene for autotrophic and heterotrophic bacteria

was applied to the samples collected from the reactor at various conditions and

operation periods.

The PCR reactions were carried out in triplicate and were pooled. Following the

confirmation of a successful PCR reaction by agarose gel electrophoresis, the

PCR products were purified with a PCR purification kit (UltraClean PCR
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clean-up Kit, Mo Bio Laboratories Inc., Carlsbad, CA, USA). The purified

fluorescently labeled PCR products were digested with restriction enzymes: (1)

MspI (TaKaRa, China) and (2) RsaI (New England Biolabs, USA) for 3 h at

37°C, followed by an enzyme inactivation step at 65°C for 20 min, and (3) TaqI

(TaKaRa, China) for 3 h at 65°C followed by an enzyme inactivation step at

room temperature for 20 min.

The digested samples were treated by ethanol precipitation to remove excess salt,

and the entire 1Dill digested product was analyzed using the ABI Prism 3100

system (Applied Biosystems, USA). The fluorescently labeled terminal

restriction fragments (T-RFs) were separated by capillary electrophoresis to

determine the number and size of T-RFs and subsequently compared to the

mobility of size standard fragments. Meanwhile, the fragment analysis was

conducted using the GeneMapper™ Version 3.7 software (Applied Biosystems,

USA). In both cases, the peak areas (related directly to peak fluorescence) of

each T-RF relative to the total peak areas were used to determine the relative

abundance of individual microorganisms within the community being examined.

The T-RFLP profiles were analyzed using the TAP T-RFLP programme at the

Ribosomal Database Project 11 (RDP) website

(http://rdp8.cme.msu.edu/html/TAP-trflp.html#introduction).
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5.4 Results and discussion

5.4.1 Kinetics analysis

5.4.1.1 Single H2S removal

Biodegradation rate parameters, including maximum apparent removal rate CVm)

and apparent half saturation constant (Ks), were estimated from the modified

Michaelis-Menten model (Equation 7) fitting of the experimental results. The

kinetics analysis data for the sole H2S removal was obtained from the transient

increase in H2S loadings from 5 to 380 g/m3/h. Table 5.3 summarizes the

apparent kinetic parameters of the removal of sole H2S under various operating

conditions. In general, a smaller Ks indicates a higher enzymatic substrate

affinity onto the bacteria and reveals better treatment performance, according to

the physical meaning of Ks analogous to enzymatic kinetics (Chung et aI.,

2001b).

The H2S elimination capacities as a function of the log-mean H2S concentrations

are illustrated in Figure 5.2. The fitness of the experimental and the predicted

elimination capacity from the modified Michaelis- Menten model is shown in

Figures 5.3-5.5. Overall, there is a good agreement between the experimental and

calculated values with the high R2 values of 0.990, 0.963, and 0.980 at a flowrate

of 2 to 5 l/min, a flowrate of 6-8 l/min, and without pH control, respectively.

In Chapter 4, the maximum elimination capacities (EC) were 338.0 g/m3/h and

40 g/m3/h for the systems with and without pH control, respectively. The results

in this study showed that Vm of the system with pH control was significantly

higher 6-8 times than that of its counterpart. These results were consistent with

the treatment performance of the biotrickling reactor. The value of Ks was
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smaller at the higher flowrates (Table 5.3), indicating that more active microbial

activities at higher loading rates could be obtained. This may be attributed to the

diffusion limitation of a system operated below critical loading (Oyarzun et aI.,

2003; Sologar et aI., 2003). Table 5.4 shows the comparison of kinetics

parameters in various biofiltration systems. Generally, the results obtained from

this study are comparable to other studies.

The data in system without pH control can be satisfactorily fitted by linear

regression in the low concentration range, which clearly indicates that

biodegradation follows first-order kinetics. However, the reaction rate

approached a constant value at higher concentrations, showing that of a shift

from a first- to zero- order kinetics (Figure 5.2).

Table 5.3 Kinetics constants for H2S removal
pH control pH control Without pH control

(0=2-5 I/min) (0=6-8 I/min) (0=2-3 I/min)

Vm (g/m3/h) 625 454.5 72.5

Ks (mg/m3
) 279.5 73.2 40.2

Equation Y=0.4472X+0.0016 Y=0.161X+0.0022 Y=0.553X+0.0138

R2 0.9841 0.9420 0.9901
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Table 5.4 Comparison of kinetics constants for H2S removal In vanous
biofiltration systems

Packing material Microorganism Vm (g/m3/h) Ks (mg/m3
) References

Peat Sludge 48.6 536.8 Kim et al., (1998)

Rock wool Sludge 58.7 175.4 Kim et al., (1998)

Fuyolite Sludge 25.7 253.9 Kim et al., (1998)

Ceramics Sludge 17.0 103.3 Kim et al., (1998)

Ca-alginate bead Pseudomonas putida 22.2 32.8 Chung et al.,

(2001 b)

Porous inflated Activated sludge 66.0 15.7 Sologar et aI.,

glass (2003)

Compost Activated sludge 8.9 12.8 Chen et aI., (2004)

Granular Thiobacillus 27.8 20.8 Ma et al., (2006)

activated carbon denitrificans

Na-alginate Activated sludge 7.8 4.0 Kim et al., (2008)

beads

I • Q=2-5 I/min Ii Q=6-8 I/min x without pH control I

20018016014080 100 120
Cln(mg/m3)

604020
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E:§

Figure 5.2 H2S elimination rates as a function ofH2S log-mean concentration
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Figure 5.3 Fitness between the measured and the predicted elimination capacity
(single H2S, with pH control, Q = 2 to 5 l/min, R2 = 0.990)
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Figure 5.4 Fitness between the measured and the predicted elimination capacity
(single H2S, with pH control, Q = 6 to 8 l/min, R2 = 0.963)
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Figure 5.5 Fitness between the measured and the predicted elimination capacity
(single H2S, without pH control, R2 = 0.980)
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5.4.1.2 Single NB3 removal

The kinetic analysis data was obtained from the step increase in the ammonia

loading rate which was conducted by increasing the NH3 concentration from 250

to 450 ppm at a flowrate of 5 l/min. On the other hand, the steady state removal

data collected from the continuous NH3 removal in the biotrickling reactor were

fed as inputs to the kinetics expression in obtaining the biodegradation rate

parameters.

Figure 5.6 illustrates the NH3 elimination capacities as a function of the

log-mean NH3 concentrations. Noticeably, the complete removal capacity ofNH3

(100% removal) was as high as 90.5 g/m3/h at the concentration of 290 ppm and

the flowrate of 5 l/min. In Equation 7, Ce above zero is required to calculate Vrn

and Ks. In determining kinetics parameters, the complete removal efficiency was

substituted by 99.99 % in stead of 100 %. The fitness of the experimental and the

predicted NH3 elimination capacities from the modified Michaelis-Menten model

is shown in Figure 5.7. There is a good agreement between the experimental and

calculated values by having a high R2 value of 0.971. The values of Vrnand Ks

obtained from the experimental study were 122.0 g/m3/h and 9.8 mg/m3,

respectively (Equation: Y=0.0806X+0.0082; R2 = 0.9358). Hence, the value of

Vrn was close to the experimental maximum elimination capacity (118 g/m3/h).

Table 5.5 summarizes the comparison of kinetics parameters in various

biofiltration systems, showing that the results obtained from this study are

comparable to other studies. The comparatively small Ks indicated a higher

enzymatic affinity of NH3 onto the AOB, resulting in the superior treatment

performance in this system.
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Figure 5.7 Fitness between the measured and the predicted elimination capacity
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vanous

Choi et al., (2003)

References

Chung and Huang,

(1998)

Kim et al., (2000a)

Kim et al., (2000a)

Kim et al., (2000a)

Kim et al., (2000a)

Chung et al.,

(2001 b)

Choi et al., (2003)

Chen et aI., (2005)

Chen et aI., (2005)

Kim et al., (2007)

29.4

25.0

2.2

163.3

14.6

58.4

19.5

49.3

51.5

22.2

21.3

11.5

12.3

10.4

4.8

Activated sludge

Activated sludge

Activated sludge

Mixture of organic Activated sludge

materials

(compost, bark,

peat)

50% Organic + Activated sludge

50% inorganic

Compost

Sludge

Pall ring

Table 5.5 Comparison of kinetics constants for NH3 removal in
biofiltration systems
Packing material Microorganism

Ca-alginate bead Nitrosomonas

europaea

Peat Night soil sludge 154.2

Rock wool Night soil sludge 100.0

Fuyolite Night soil sludge 29.6

Ceramics Night soil sludge 5.0

Ca-alginate bead Arthtobacter oxydans 17.2

CH8
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5.4.1.3 Simultaneous removal of B2S and NB3

The elimination capacity was plotted as a function ofthe log-mean concentration.

This was done to facilitate the comparison between the experimental data and

predicated removal rates using the modified Michaelis- Menten model. Moreover,

two sets of experiments were conducted to clearly evaluate the effects of H2S and

NH3 on the treatment performance at the constant flowrate of 5 l/min. During the

first experiment, the system was operated at the step increase in H2S loadings and

at constant NH3 loadings of 80, 100, 120, and 140 g/m3/h. In the second

experiment, different NH3 loading rates with constant H2S loadings of 100, 120,

and 150 g/m3/h were introduced into the reactor.

The H2S kinetics parameters for simultaneous treatment are summarized in Table

5.6. Figure 5.8 shows the H2S elimination capacities at various NH3loading rates

as a function ofthe log-mean H2S concentrations. The fitness ofthe experimental

and the predicted elimination capacity from the modified Michaelis-Menten

model is presented in Figures 5.9-5.13. Generally, there is a good agreement

between the experimental and the calculated values by having the high R2 values

for all tested operating conditions.

The removal efficiency of H2S decreased from 99 % to as low as 64 % when the

NH3 gas was introduced into the reactor. This phenomenon was explained by the

decrease in Vrn, by about three times lower than the NH3-free condition. The

results were consistent with the data shown in Table 4.7. The performance

deteriorated significantly at the presence ofH2S at 100 to 140 g/m3/h.
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Vm (g/m3/h)

Ks (mg/m3
)

Equation

For the co-existence of H2S and NH3, the data can be satisfactorily fitted by

linear regression in the low concentration range, showing that the biodegradation

follows first-order kinetics. However, the reaction rate approached a constant

value at higher concentrations that demonstrates the shift from a first- to zero-

order kinetics (Figure 5.8).

Table 5.6 H2S kinetics constants for simultaneous H2S and NH3 removal
H2S (single) 80 g/m3/h NH3 100g/m3/h NH3 120g/m3/h NH3 140g/m3/h NH3

454.5 175.4 138.9 126.6 114.9

156.4 41.1 18.6 25.2 35.4

Y=0.3441X+ Y=0.2342X+ Y=0.1338X+ Y=0.1991X+ Y=0.3075X+

0.0022 0.0057 0.0072 0.0079 0.0087

0.9946 0.9583 0.9392 0.9792 0.9772

I.No NH3 t. 80 NH3 x 100 NH3 • 120 NH3 0 140 NH31
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Figure 5.8 H2S elimination rates as a function of H2S log-mean concentration in
gas phase under various NH3 loadings at a flowrate of 5 l/min
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(single H2S, Q = 5 I/min, R2 = 0.995)
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Figure 5.10 Fitness between the measured and the predicted elimination capacity

(H2S and 80 g/m3/h OfNH3, Q = 51/min, R2= 0.979)
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R2 = 0.971
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(IhS and 100 g/m3/h OfNH3, Q = 5l/min, R2= 0.971)
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Figure 5.12 Fitness between the measured and the predicted elimination capacity

(IhS and 120 g/m3/h OfNH3, Q = 5l/min, R2= 0.986)
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R2 = 0.984
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Figure 5.13 Fitness between the measured and the predicted elimination capacity
(IhS and 140 g/m3/hofNH3, Q = 5l/min, R2= 0.984)

Table 5.7 lists the NH3 kinetics parameters for simultaneous treatment. Figure

5.14 shows the model described the NH3removal in the presence and absence of

H2S despite the fact that mass transfer were not taken into account. The fitness of

the experimental and the predicted elimination capacity from the modified

Michaelis-Menten model is presented in Figures 5.15-5.17. The experimental

results and the predicted values are in close agreement with the R2 values of

0.998, 0.945, and 0.997 under H2S loadings of 100, 120, and 150 g/m3/h,

respectively.

Compared to the result of H2S-free inlet, the value of Vm increased for about 2 to

4 times when the H2S was introduced into the system. These results indicated

that H2S had no adverse effect on the NH3 removal. However, the value of Ks
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was increased in the presence of H2S, showing that NH3 removal at low loading

rates may have been affected. Actually, the excellent NH3 treatment performance

was also maintained by the existence of H2S. It may be due to the removal

mechanisms of NH3 that consists of both absorption and biodegradation

processes. The extra NH3 could also be removed by the chemical reaction with

SO 2-4 .

For the simultaneous removal, the lower Ks was obtained when the H2S loading

increased from 100 to 120 and 150 g/m3/h. According to the physical meaning of

Ks, a lower Ks indicates biomass affinity enhancement for NH3 removal. Thus, it

is evident that the increase in H2S did not affect the enzyme activity of nitrifying

bacteria at all. This is also in agreement with the improved performance of NH3

removal, including the critical loading and the elimination capacity at the

presence ofH2S (Figure 4.27 and Table 4.8).

The kinetics analysis parameters under various operating conditions are useful in

comparing the characteristics of different biofiltration systems with different

packing materials. These results are comparable to the data of treatment

performance in the biotrickling system collected in Chapter 4. The EBRTs

required for the discharge standard of H2S and NH3 emissions could be also

calculated by Equation 9 (Table 5.8). The ambient air standards for H2S and NH3

were set at 0.1 ppm and 1 ppm according to the Taiwan EPA standard. It is found

that less than 10 s was required for the biotrickling filter treating mixed odour in

compliance with the standard.
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Vm (g/m3/h)

Ks (mg/m3
)

Table 5.7 NH3 kinetics constants for simultaneous H2S and NH3 removal
NH3 (single) 100 g/m3/h H2S 120 g/m3/h H2S 150 g/m3/h H2S

122 476.2 256.4 294.1

9.8 217.7 86.7 137.3

Equation Y=0.0806X +

0.0082

0.9358

Y=0.4571X +

0.0021

0.9982

Y=0.3338X +

0.0039

0.9693

Y=0.4668X +

0.0034

0.999

Table 5.8 Predicted EBRTs calculated by Equation 9 according to Taiwan EPA
standard
Contaminants

Single H2S with pH control

Single H2S without pH control

Single NH3 with pH control

Simultaneous H2S and NH3 removal

Note: inlet: H2S and NH3 = 500 ppm, outlet: H2S < 0.1 ppm, NH3 < 1 ppm

EBRT (s)

6.8

23.4

2.4

9.9 (H2S)

7.1 (NH3)

I. No H2S b. 100 H2S x 120 H2S • 150 H2S I
160

140

120

- 100-E
(')

.g
80Cl-0

w 60

40

20

0
0 20 40 60

Cln (mg/m3
)

80 100 120

Figure 5.14 NH3 elimination rates as a function ofNH31og-mean concentration in
gas phase under various H2S loadings at a flowrate of 5 l/min
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R2 = 0.998
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Figure 5.15 Fitness between the measured and the predicted elimination capacity
(NH3 and 100 g/m3/h ofH2S, Q = 51/min, R2= 0.998)
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Figure 5.16 Fitness between the measured and the predicted elimination capacity
(NH3 and 120 g/m3/h ofH2S, Q = 51/min, R2= 0.945)
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R2 = 0.997
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Figure 5.17 Fitness between the measured and the predicted elimination capacity
(NH3 and 150 g/m3/h ofH2S, Q = 5l/min, R2= 0.997)

5.4.2 Products analysis

5.4.2.1 Mass balance for single H2S removal with pH control

In the H2S oxidation process, H2S is used as an electron donor by the autotrophic

SOB. The oxidation ofH2S occurs in the following steps: H2S ~ SO~ S2032- ~

S032- ~ sol- (Atlas and Bartha, 2000; Maier et aI., 2000). The monitoring of

the metabolic products distribution during the treatment process allowed for a

better understanding of the removal mechanisms.

Figure 5.18 illustrates the sulphur mass balance in the biotrickling filter at low

H2S loadings from 10 to 75 g/m3/h. The results clearly indicated that sol- (from

70 to 98 %) was the predominant H2S oxidation metabolite at the loadings below

the critical value. This is in accordance with the treatment performance obtained

in Chapter 4. In addition, superior removal efficiency (>99 %) was achieved
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under these conditions, indicating complete H2S oxidation occurred and S042-

was the final by-product. It was also found that the abundance of elemental

sulphur significantly increased from 1.4 % to 19 % when the loading rates

increased from 10 to 75 g/m3/h. A relatively low amount (less than 1 %) of other

intermediate by-products (e.g. S032-) was obtained. The recovery of sulphur was

very high (> 92 %) under all the loadings that were analyzed. The error of the

mass balance was assumed to be due to water loss or bacteria accumulation

(Adani et aI., 2002). Meanwhile, the lack of mass balance may be attributed to

errors associated with the flow measurement in the gas and liquid phases as well

as the measurements of different sulphur compounds in various phases.

Shanchayan et al. (2006) suggested that 10% errors could be acceptable for

sulphur balance.

The results showed that S042- production decreased inversely with loading rates,

particularly at the same flowrate. For instance, the proportion of sol- decreased

from 96.1 % to 68.4 % when the concentration increased from 80 to 200 ppm at a

flowrate of 3 I/min. This is also consistent with observations by Fortuny et al.

(2008) pertaining to H2S treatment in a biotrickling reactor. The ratio ofS04
2-1 SO

was found to be dependent on the proportion of 021 H2S introduced into the

system. Since the quantity of O2 supplied to the reactor was constant (which is

equal to the ambient 02 concentration in this study), the ratio of 02/H2S

increased with a decrease of H2S concentration. Janssen et al. (1997) also

reported that the formation of elemental sulphur increased under the oxygen

limitation condition in the bioreactor.
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Figure 5.18 Sulphur mass balance under various H2S loading rates (from 10 to 75
g/m3/h)

Figure 5.19 shows the percentages of sulphur metabolites at H2S loadings of 90

to 200 g/m3/h. It was found that the elemental sulphur production increased as

these loadings were placed near or above the critical value. The results also

confirmed that the yellow deposits (Figure 4.19) attached on the coal slag at a

loading of 150 g/m3/h were mainly in the form of elemental sulphur.

Simultaneously, the ratio of S2-increased from less than 1 % up to 6 %, resulting

in the decline of removal efficiency. The accumulation of S2-in the recirculation

liquid indicated that the biofilm was unable to degrade all of the dissolved H2S.

Kim et al. (2008) claimed that the incomplete oxidation of H2S is generally

reflected by the high values of S032- and S2-.Elias et al. (2002) showed that the

metabolic products were mainly elemental sulphur (82 %) at a loading of 45

g/m3/h, which was similar to the reported observation by Malhautier et al.

(2003).

149



Jin et al. (2007) reported that elemental sulphur production results from the

partial sulphide oxidation instead of a complete oxidation to sulphate under an

oxygen limitation condition. It is mainly because a four-fold less oxygen is

required for partial H2S oxidation. Although elemental sulphur can be removed

by sedimentation, the long-term operation of a biofiltration system may result in

sulphur accumulation inside the packing media and channeling. The H2S

degradation mechanisms in the biotrickling filter was comparable to those

proposed by Wainwright (1984). Moreover, S2- oxidizes rapidly to So, whereas

the oxidation of SOto sol- is relatively slow.
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Figure 5.19 Sulphur mass balance under various H2S loading rates (from 90 to 200
g/m3/h)

Figure 5.20 illustrates the ratios of sulphur metabolites in the biotrickling reactor

at the high mass loading rates. The dominant oxidation by-product was elemental

sulphur, and its relative abundance increased further from 60 % to over 84 %.

The sulphate content was comparatively low and decreased from 25% to 5% as

the loading increased from 200 to 400 g/m3/h. The ratio of S2-increased slightly

150



from 6 % to 10 %. The accumulation of sulphide showed that the SOB in the

biofilm was unable to degrade all introduced H2S, resulting in a reduction of

removal efficiency. Although the significant accumulation of elemental sulphur

may commonly deteriorate treatment performance, the removal efficiency above

80% could still be maintained under these adverse conditions. This may be due to

the slow growth nature of autotrophic SOB and less quantity of biomass. Similar

results were reported in a biotrickling system treating H2S at a loading of 259

g/m3/h (Fortuny et aI., 2008).

In this study, the sulphur accumulation did not plug the bed during the entire

operation. This may be likely due to the fact that the sulphur particles were

growing on the coal slag surface. Moreover, the movement of recirculation liquid

could be sufficient to physically remove the extra elemental sulphur formed

inside the reactor. Elias et al. (2002) demonstrated that the elemental sulphur

accumulated in the biofilter treating H2S at high concentration could be easily

cleaned by flushing water. The sulphur in the effluent could also be further

recovered for industrial or agricultural applications. Jin et aI., (2005) suggested

that the sulphate could be collected in a sedimentation facility coupled to the

biotrickling filter by adding CaO or CaC03. Additionally, the treated leachate

from the recirculation tank could be used for alkali soil reclamation instead of

being converted into H2S in a wastewater treatment plant.
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Figure 5.20 Sulphur mass balance under various H2S loading rates (from 215 to
400 g/m3/h)

Table 5.9 shows the composition of the raw and the used coal slag after a 180-d

operation. The composition of used coal slag did not have many changes after the

said operation. The slight variation showed that the coal slag was a

non-biodegradable and acid resistant packing medium. The hydrogen content of

the inoculated coal slag was higher than that of raw material. This is mostly

credited to the adsorption of W ion from the by-products of H2S and NH3

oxidation and water. In addition, the increase of nitrogen content could be the

results from the addition of mineral nutrition. Similar results were observed in a

previous study (Liang et aI., 2007).

Table 5.9 Elemental analysis of raw and used coal slag
Ultimate analysis (wt %)

Raw coal slag

Inoculated coal slag (Day 180)

C

67.75

65.22

152

N

9.88

11.24

H

6.11

8.12

o
16.26

14.42



5.4.2.2 Mass balance for single H2S removal without pH control

Figures 5.21 and 5.22 illustrate the sulphur mass balance in the biotrickling filter

without pH control at the flowrates of 2 and 3 l/min, respectively. A similar trend

in sulphur species distribution was obtained at different flowrates, while the

recoveries of sulphur mass balance were above 90% in both cases. The results

were comparable to the ones obtained in the system with pH control. Elemental

sulphur was the dominant sulphide oxidation by-product and its abundance

increased significantly under the loading which is near or above the critical value.

Furthermore, the amount of S2- increased with the deterioration of treatment

performance.
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Figure 5.21 Sulphur mass balance under various H2S loading rates (without pH
control, flowrate = 21/min)
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Figure 5.22 Sulphur mass balance under various H2S loading rates (without pH
control, flowrate = 3 l/min)

5.4.2.3 Mass balance for single NB3 removal with pB control

The mass balance of nitrogen as a function of the inlet NH3 loading is shown in

Figure 5.23. Contrary to the sulphur mass balance, the recovery nitrogen mass

balance in this study was 100 %. This is because the portion of "organic +

gaseous nitrogen" was theoretically calculated by subtracting the total nitrogen in

the system from nitrate, nitrite, and ammonium, which were experimentally

measured. This portion ranged from 5 % to 12 % and also included the errors in

the mass balance. The error in nitrogen mass balance, which ranged from 13 % to

38 %, is often observed for ammonia treatment in biofiltration (Martin et aI.,

1995; Gracian et aI., 2002; Malhautier et aI., 2003; Chen et aI., 2005; Ho et aI.,

2008). However, the error in this study was relatively low compared with other

studies.
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A loss in the nitrogen balance is due to organic nitrogen coming from leached

biomass and gaseous nitrogen. Some nitrogen was attributed to the growth of

bacteria, which take up nitrogen in an assimilatory process as part of their

respiratory metabolism (Coyne, 1999). The gaseous nitrogen is the product of

denitrification in the anaerobic zone in the biofilm, by which nitrite and nitrate

are reduced into nitrogen gas (Chen et aI., 2005). The small percentage of

"organic + gaseous nitrogen" indicated that the biotrickling filter is suitable for

long-term operation. Hence, no or very little channeling and anaerobic zone was

created in the system. Chen et al. (2005) suggested that this value is an indirect

indication of the anaerobic zones for denitrification, and the air channeling in the

biofilter.

At lower loading rates (i.e. 78 to 86 g/m3/h), the main metabolite in the system

was N03-. This confirmed that the complete removal obtained was mainly

contributed by the activities of autotrophic AOB and not by the physical

absorption or adsorption. In fact, the organic and gaseous nitrogen was around 5

% under these conditions. Smet et al. (2000) suggested that N03 -accumulation

inhibits the activities of AOB (e.g. Nitrosomonas europea) due to osmotic effects.

Consequently, NH3 will accumulate in the biofilm owing to the slower oxidation

rate of NH3. Finally, NH3 will further inhibit the activities of NOB, which will

result in nitrite accumulation.

Furthermore, the percentages of nitrite and ammomum increased directly

proportional to the loading. At the highest loading rate, ammonium became the

dominant by-product which accounted for more than 50 %, while the removal

efficiency was higher than 80 %. This was actually in agreement with the
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findings of another study (Baquerize et aI., 2005). Generally, the absorption of

ammonia into the water layer or the biofilm is important for NH3 removal in the

biofiltration system (Taghipour et aI., 2008).

Although a very high removal efficiency of NH3 in the system was attained, a

complete nitrification in the biofilm was never achieved due to the inhibitory

effects of high NH3 concentration. The nitrogen balance results showed that

nitrite oxidation (second step of nitrification) is significantly inhibited by the

accumulation ofNH3. Baquerize et al. (2005) found that the nitrite oxidation rate

inhibited at the NH3 concentration higher than 123.2 ppm, while the NH3

oxidation rate inhibited above 244.2 ppm. This indicates that the conversion of

nitrite to nitrate is significantly affected by NH3 inhibition. This is the typical

phenomena for the biofiltration system treating NH3 in which nitrite oxidation is

more severely affected by NH3 inhibition compared to NH30xidation

(Anthonisen, 1976; Gabriel et aI., 2007)
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Figure 5.23 Nitrogen mass balance under various NH3 loading (Q = 5 l/min, conc.
= 250 to 450 ppm)

5.4.2.4 Mass balance for simultaneous removal of B2S and NB3 without pB

control

To understand the metabolic by-products of H2S and NH3 by autotrophic SOB

and AOB, sulphur and nitrogen mass balances were determined after the changes

of loadings at a constant flowrate of 5 lImin. Figure 5.24 shows the sulphur mass

balances as a function of the H2S loadings. The recovery of sulphur accumulated

in the co-treatment system was also maintained above 90 %.

As shown in Figure 5.24, the presence of NH3 significantly affected the

composition of metabolic by-products. In most cases, elemental sulphur was the

dominant metabolite which ranged from 35 % to 65 %, while the amount of

sulphide generally increased up to 20 % with NH3 introduction in this experiment.
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This indicates that the activities of SOB may be inhibited by NH3. In general, the

H2S loading rates employed in the study were lower than the obtained critical

value from the continuous experiment for sole H2S removal. Therefore, the

reduction of H2S removal efficiency may be due to NH3 inhibition, rather than

mass transfer limitation or high H2S concentration. This result is also consistent

with most studies on simultaneous removal of H2S and NH3, which show that

elemental sulphur was the main metabolite in the product analysis (Chung et aI.,

2001a; 2001b; 2004; 2007; Malhautier et aI., 2003).

Moreover, the result showed that an insignificant level of NH3 inhibition on the

H2S oxidation at the NH3 loading below 80 g/m3/h. Under these conditions, S042
-

was the main end product, while the superior removal efficiency (>98.5 %) could

be maintained. The pH of recirculation liquid was maintained between 6 and 7

during the operation. Two possible reasons could be derived. First, the major

oxidation product was neutral elemental sulphur; thus the system could be easily

maintained at a neutral range for a long-term operation. Second, the acidic

by-product (SOl) may be neutralized by the unionized ammonia and a portion

of sulphur compounds may act as nutrients for the growth of AOB and other

bacteria.
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Figure 5.24 Sulphur mass balance under various loadings for the simultaneous
removal of H2S and NH3

Figure 5.25 illustrates the percentage ofNH3 metabolites at various loading rates

during the simultaneous removal. A similar trend in the distribution of

by-products to the results of nitrogen mass balance from the sole NH3 removal

was observed. This confirmed the excellent NH3 treatment performance (>94 %)

in the simultaneous removal, even when the loading rates were higher than the

critical value. This may likely be due to the formation of (NH4hS04 through the

chemical reaction between NH3 and sol-. Moreover, Lee et al. (2005)

demonstrated that (NH4hS04 has no adverse effects on suphide oxidation as

(NH4hS04 accumulated up to 60 g/l. Therefore, it could be explained by the

improved NH3 removal efficiency at high loadings with the existence of H2S.

The pH in the biotrickling filter can be remained neutral due to NH3 was

transformed to (NH4hS04 and elemental sulphur was the dominant metabolic

product. The similar observations were found by Chung et al. (2000) and Kim et

al. (2000b; 2002a).

In this study, the amount of organic and gaseous nitrogen ranged from 6 % to 10
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%. This indicates that channeling and clogging were not observed in the

biotrickling system for simultaneous removal during the entire operation. Nitrite

was also found to be the dominant by-product at high NH3 loadings, regardless of

the change in H2S loadings. The nitrite accumulation may be due to the

inhibitory effects of sulphide on the activities of NOB (Julitte et aI., 1993; Joye

and Hollibaugh, 1995; Malhautier et aI., 2003; Chung et aI., 2005; Galera et aI.,

2008).
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Figure 5.25 Nitrogen mass balance under various loadings for the simultaneous
removal of H2S and NH3
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5.4.3 Microbial community analysis

5.4.3.1 Culture-based method

In order to understand the microbial activities in the biotrickling reactor, the

shifts in the bacterial community were periodically examined. The bacterial

counts of heterotroph, fungi, SOB, AOB, and NOB were analyzed under various

loading rates. The total bacterial count of all samples was within the range of 107

to 108 CFU/g, which is a normal value for the biotickling filter (Chung et aI.,

2007).

Single H2S removal with pH control

The bacterial community analysis for the single H2S removal with pH control

was conducted at mass loadings of 10, 150, and 300 g/m3/h. Figures 5.26 and

5.27 show the bacterial populations and their relative abundance at different

loadings, respectively. After the startup was completed, the total bacteria density

was 8x107 CFU/g with a stable community. SOB were the dominant bacteria in

the biofilm community under all operating conditions tested. The relative

abundance of SOB in microbial community decreased from 36% to 30% when

the loading increased from 40 g/m3/h to critical value (150 g/m3/h). Meanwhile,

the amount of SOB increased from 38% to its original value at the extremely

high inlet loading condition (300 g/m3/h). These results indicated that no

established lethal effect on the growth of SOB at the sol- concentration up to 55

g/l in this study. Lee et aI., (2005) reported that the growth and the activity of

acidophilic SOB (Acidithiobacillus thiooxidans) were not inhibited by the high

S042
- concentration up to 60 g/l.

The relative abundance of heterotrophs was stable at around 28 %, and that of
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fungi was between 24 and 28 %. This denoted that the superior removal

efficiency was contributed by the activities of heterotrophs and fungi,

particularly under high loading conditions. Some studies reported that

heterotrophic bacteria and fungi are able to oxidize sulphur containing gases

(phae and Shoda, 1991; Zhang et aI., 1991). The results also demonstrated that

heterotrophs and fungi were not inhibited by high levels of sol- and So.

However, the population of AOB and NOB was relatively low. This may likely

due to the lack of nitrogen source in this unfavourable condition.
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Figure 5.26 Bacterial count for the single H2S removal with pH control (n=5)
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Figure 5.27 Relative abundance for the single H2S removal with pH control

Single H2S removal without pH control

Figures 5.28 and 5.29 illustrate the changes in the bacterial community for the

H2S removal in the biotrickling reactor without pH control. The samples in this

study were taken at the end of each operation. The pH of the packing media and

the recirculation liquid decreased from 7 to 2 during each operation.

SOB remained the dominant bacteria in the community under all conditions. At

the inlet loading of 10 g/m3/h, the microbial population distribution was similar

to that of the system with pH control. However, the total bacteria were only 10 %

of the value obtained in the system with pH control. It may be due to the adverse

effects of an acidic environment on bacterial growth. Moreover, most

heterotrophs are neutrophilic and inhibited under acidic conditions.

As shown in Figure 5.28, the microbial community was significantly affected by

the operation without pH control at extremely high loading rates. The bacterial
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counts of fungi, AOB, and NOB decreased significantly from 107 CFU/g to 105

CFU/g. The results are aligned with the findings of other studies regarding the

inhibitory effects of high H2S loading rates on the growth of nitrifying bacteria

(Chung et aI., 2001a; Lee et aI., 2002). Kim et al. (1998) claimed that the

decrease in the quantity of bacteria was mainly caused by the speedy reduction of

pH, especially for inorganic packing materials. Similarly, the decrease in fungi

may be due to acidification and nutrient depletion.
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Figure 5.28 Bacterial count for the single H2S removal without pH control (n=5)
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Figure 5.29 Relative abundance for the single H2S removal without pH control

The acidophilic and the neutrophilic SOB were separately counted to achieve a

comprehensive understanding of SOB activities under various operating

conditions. Figures 5.30 and 5.31 show the distributions of acidophilic and

neutrophilic SOB for the systems operated with and without pH control. Most of

the Thiobacillus, which are well known sulphide-oxidizing bacteria, are

neutrophilic. The amount of acidophilic SOB increased significantly in the

system without pH control, reflecting that the drop of pH could further accelerate

the growth ofthis type of SOB.
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Figure 5.30 Ratio of acidophilic and neutrophilic SOB for the single H2S removal
with pH control

I D Acidophilic ISINeutrophilic I

100
90

?fi- 80
'-'
0) 70(.)
c:ca 60"'C
c:
::l 50.0ca
0) 40
>:;::l 30ca
0)c::: 20

10
0

10 40 100
Loading (g/m3/h)

Figure 5.31 Ratio of acidophilic and neutrophilic SOB for the single H2S removal
without pH control
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Single NB3 removal with the pB control

The distribution of the bacteria population in the system treating sole NH3 gas is

shown in Figures 5.32 and 5.33. The total bacterial count was around 1-2 x108

CFU/g, which was similar to the value with the system that operated in the

neutral pH. This confirmed that the decline of total bacteria was caused by the

acidic environment. AOB, which was the dominant microorganism, accounted

for 30 to 50 % of the total bacteria count. On the other hand, the decrease in

NOB population was mainly caused by nitrite accumulation in the recirculation

liquid. The growth of SOB was also significantly affected. This may also be

attributed to the nutrient deficiency in the reactor for individual NH3 treatment.
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Figure 5.32 Bacterial count for the single NH3 removal (n=5)
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Figure 5.33 Relative abundance for the single NH3 removal

Simultaneous B2S and NB3 removal without the pB control

Figures 5.34 and 5.35 illustrate the microbial population distribution at various

loadings for the simultaneous removal. The total amount of bacteria was

maintained around 108 CFU/g, while the predominant bacteria were changed with

different loading ratios (H2S: NH3). The highest treatment performance was

obtained at the loadings of 100 gH2S/m3/h and 80 gNH3/m3/h, respectively. This

can be explained by the stable microbial community with high biodiversity was

developed.

When the H2S loading increased from 100 to 120 g/m3/h under a constant NH3

loading, the amount of SOB increased considerably from 20% to 30%. It may be

attributed as the growth of SOB increased with the increase in substrate, which

was below the critical value. This may also be due to diffusion rate is a
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rate-limiting process at the loading lower than the critical value. In addition, a

higher H2S concentration in the gas phase would result in a higher availability of

sulphide in biofilm. Therefore an excellent H2S treatment performance could be

maintained under this condition, while the NH3 removal slightly increased from

98.5 % to 99.9 % (Table 4.8). It could be explained by the results of the product

analysis, in which sol- was the main metabolic product, implying complete

sulphide oxidation was the key removal mechanism. Also the high

S042-concentration further enhanced NH3 removal through the chemical reaction

of NH3 and sol-. The reduction in NOB can be explained since the nitrite

accumulation (Figure 5.35) was caused by ammonia inhibition on NOB.

When the NH3 loading further increased to 120 g/m3/h, the microbial population

changed drastically. AOB became the dominant bacteria in the community and

the abundance increased from 25 % to 37 %. The decline in the NOB population

was caused by the inhibitory effects of a high NH3 concentration on the NOB

activities, which eventually resulted in further nitrite addition (Figure 5.25).

Simultaneously, the noticeable reduction in SOB population can be confirmed

that the deterioration of H2S performance was caused by the accumulation of

nitrate and nitrite rather than the inhibition of either H2S or sol-.

In this study, the predominant microorganism at the highest loadings of H2S and

NH3 was still AOB, whilst the populations of SOB and NOB reduced further.

This may be due to the inhibitory effects under the augmented accumulation of

NH3 and N02-. However, the quantities of both heterotrophs and fungi increased

because there are more available nutrients at the higher inlet loadings. Moreover,

a high sulphide concentration in the biofilm may also inhibit other bacteria.
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Figure 5.34 Bacterial count for the simultaneous removal ofH2S and NH3 (n=5)
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Figure 5.35 Relative abundance for the simultaneous removal ofH2S and NH3
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5.4.3.2 Molecular-based method

Preliminary study of single NH3 removal

Figures 5.36 to 5.38 illustrate the electropherograms of the samples collected

from reactor 2, reactor 5 and the recirculation of reactor 5, after a 40-d operation,

respectively. The relative diversity of the bacterial community is related to the

number of peaks in the electropherogram. Meanwhile, the degree of abundance

constituting each bacterial group is correlated to the intensity and area of the

specific peak. Generally, the appearance or disappearance of peaks indicated

changes in the bacterial community of the treatment system during the operation.

The results showed that a higher level of bacterial diversity was found in the

compost biofilter (reactor 2). However, the intensity of its peaks was less than

that of the biotrickling reactor (reactor 5). This indicates that the lower treatment

performance of the compost biofilter may be due to the diminutive amount of

bacteria developed in the biofilm. Perhaps, another possible reason would be that

the compost biofilter was not inoculated with acclimated microorganisms from

the activated sludge. Although the compost contains higher bacterial diversity,

the indigenous bacteria may not grow well under the operating conditions. This

results in a poor treatment performance and a longer startup period.

Table 5.10 shows the relative abundance of the bacteria that was determined by

the size of terminal restriction length (T-RP). The typical AOB, Nitrosomonas

eurpaera, were found in both reactors. In contrast, the results showed a different

composition of AOB in reactors 2 and 5. It may be the reason for the varied

treatment performance. A number of common bacteria in the activated sludge

were also discovered in the community, including Pseudomonas sp. and Bacillus
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sp. Interestingly, a common SOB, Thiobacillus, was found in the

compost-biofilter with a relatively high abundance (around 20 %). It may be

probably due to some H2S or reduced sulphur in the compost which acted as the

nutrients for the growth of SOB.

A similar bacterial population distribution was found in the medium and the

recirculation liquid of the biotrickling system. This showed that the analysis of

recirculation liquid is satisfactory for the bacterial community analysis of reactor

operated in the performance study. This may be useful for the general monitoring

because it is difficult to frequently collect the coal slag from the closed treatment

system for the microbial study.
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Table 5.10 Terminal fragments and their corresponding bacteria
Nitrifiers Relative abundance (%)

TF size (bp) Possible bacteria Compost Coal slag Recirculation

liquid

147 Nitrosomonas; 21.3 59.3 58.7
Nitrosospira

554 Nitrosococus; 20.6 3.6 5.0
Nitrosomonas

Other microorganisms Relative abundance (%)

TF size (bp) Possible bacteria Compost Coal slag Recirculation

liquid

105 Pseudomonas 17.1 4.9 12.2
121 Vibrio; Bacillus 1.7 2.5 2.4
319 Actinobacillus; 4.0 0.0 0.0

Pseudomonas; Vibrio

410 Actinobacillus 1.0 0.0 0.0
528 Rhodopseudomonas 0.0 1.9 1.6
548 Lactobacillus; 16.4 3.7 2.4

Pseudomonas;

Thiocapsa

554 Thiobacillus 20.6 3.6 5.0
556 Bacillus 0.0 12.2 12.1
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Figure 5.36 Electropherogram of the sample collected from the compost biofilter
(Reactor 2) during the preliminary study for the single NH3 treatment
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Figure 5.37 Electropherogram of the sample collected from the biotrickling filter
(Reactor 5) during the preliminary study for the single NH3 treatment
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Figure 5.38 Electropherogram of the sample collected from the recirculation liquid
in the biotrickling filter (Reactor 5) during the preliminary study for the single
NH3 treatment
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Performance study of single H2S removal with pH control

Figures 5.39 and 5.40 show the electropherograms of the microbial community

in the biotrickling with pH control at a loading of 150 g/m3/h with the enzyme

digestions of TaqI and MsqI, respectively. Table 5.11 summarizes the relative

abundance of the possible bacteria identified by the size ofT-RP.

The predominant bacteria were SOB and heterotrophic, which is found to be

similar to the results from culture-based method in Section 5.4.3.1. This also

revealed a stable bacterial community during the operation of the biotrickling

filter at the critical loading rate. The SOB did not only include the most common

species, Thiobacillus (Jensen and Webb, 1995), but also Thiocapsa, Thiomonas,

Thiomicrospira and Thiorhodococcus. Madigan and Martinko (2006) reported

that they both are common autotrophic sulphide-oxidizing bacteria in the

environment.
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28.9

Relative

abundance (%)

6.1

9.0

14.7

9.7

26.0

Possible bacteria identified by

combining information from digestions

with 2 restriction enzymes

Clostridium; Epulopiscium;

Eubacterium; Peptostreptococcus

Bacillus

Bacillus; Desulfovibrio; Marinococcus;

unnamed microorganisms

Thiorhodococcus

Thiocapsa; Thiomonas

Dechlorimonas; Ferribacterium;

Sporolacobacillus; Thauera

Lactobacillus

Nitrosomonas; Pseudomonas;

Rhodocyclus; Thiobacillus;

Thiomicrospira; Vibrio

Bacillus; Pseudomonas

Maql

143

166
166
106

106
166

143

166

166

126

Table 5.11 Terminal restriction fragments and the corresponding bacteria (150
g/m3/h)
T-RF size (bp)

Taql

84

627

310

312

625
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Figure 5.39 Electropherogram of the sample collected during the single H2S
treatment at the critical loading of 150 g/m3/h after 7-d operation (TaqI)
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Figure 5.40 Electropherogram of the sample collected during the single H2S
treatment at the critical loading of 150 g/m3/h after 7-d operation (MsqI)

Figures 5.41 and 5.42 show the electropherograms of the microbial community

in the biotrickling without pH control at a loading of 300 g/m3/h with the enzyme

digestions of TaqI and MsqI, respectively. The terminal restriction fragments and

the corresponding bacteria that were determined at the extremely high H2S

loading are listed in Table 5.12.

Most of the peaks were similar to the results obtained at the critical loading. The

relative abundance of SOB (T-RP: 310, 312, 625) were maintained at about 50%.

However, the dominant species were replaced by other SOBs, such as Thiocapsa,

Thiomonas and Thiorhodococcus, instead of Thiobacillus and Thiomicrospira. In

addition, three other peaks (T-RP: 77, 167,219) were observed and classified as
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unnamed microorganisms and the peak (T-RP: 627) which represents the

common heterotrophs (e.g. Bacillus and Pseudomonas) disappeared. This

phenomenon may be due to the shift of the heterotrophic bacteria at high

concentrations of toxic by-product (i.e. 804
2
-) which may inhibit the activities of

some heterotrophs (Jensen and Webb, 1995).

Table 5.12 Terminal fragments and their corresponding bacteria (300 g/m3/h)
T-RF size (bp) Possible bacteria identified by Relative

Taql Maql combining information from digestions abundance (%)

with 2 restriction enzymes

84 143 Clostridium; Epulopiscium; 18.1

Eubacterium; Peptostreptococcus

126 105 Bacillus 2.2

310

312

625

166

166

166

105

143

166

Bacillus; Desulfovibrio; Marinococcus;

Saccharococus; unnamed

microorganisms

Thiorhodococcus

Thiocapsa; Thiomonas

Dechlorimonas; Ferribacterium;

Sporolacobacillus; Thauera

Lactobacillus

Nitrosomonas; Pseudomonas;

Rhodocyclus; Thiobacillus;

Thiomicrospira; Vibrio
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Figure 5.41 Electropherogram of the sample collected during the single H2S
treatment without pH control at the loading of 300 g/m3/h after 7-d operation
(TaqI)
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Figure 5.42 Electropherogram of the sample collected during the single H2S
treatment without pH control at the loading of 300 g/m3/h after 7-d operation
(MsqI)
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Chapter 6 Conclusions

6.1 Summary

The results of this study suggest that the biotrickling filter is a viable and

effective method for the simultaneous treatment of H2S and NH3 based on

process stability and removal efficiencies. The significant experimental results

can be summarized as follows:

Coal slag was used as the packing medium in the biotrickling filter due to its

advantages of high porosity, high compaction resistance, and good biofilm

attachment. A comparatively short startup of the reactor was accomplished within

a 4-d operation.

For single H2S removal with pH control, the critical loading was 153 g/m3/h,and

the maximum elimination capacity was 338 g/m3/hwith 85 % removal. An EBRT

as short as 5 s, which is shorter than most previously reported removal capacities

for biofiltration systems, was required for the complete H2S removal as the inlet

concentration was maintained at below 100 ppm. When the EBRT increased to

20 s, a near 100 % H2S removal was obtained even at the highest concentration

of 500 ppm introduced. The critical loading significantly decreased from 153

g/m3/hto 40 g/m3/hin the system without pH control.

For single NH3 removal, excellent removal efficiency was achieved below the

NH3 loading at 108.4 g/m3/h (i.e. 350 ppm) in this study, while the maximum

elimination capacity was 118 g/m3/h. For the co-treatment of mixed waste gas

stream, superior H2S (98.5%) and NH3 (99.9%) removal was achieved when the

loadings of contaminants were applied up to 120 gH2S/m3/h and 80 gNH3/m3/h,
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respectively. No significant effect of NH3 on H2S removal was observed at the

NH3 loading of 80 g/m3/h; however, an adverse effect of NH3 was found at above

80 gNH3/m3/h.

Products analysis allowed for the mass balances on sulphur and nitrogen to

identifY the biodegradation processes that were active in the system. The

metabolic products of sulphide oxidation were dependent on the inlet loadings.

Elemental sulphur and sulphate were found to be the most abundant by-products

at high and low inlet loadings, respectively. The main metabolites of NH3

oxidation were ammonium, nitrate, and nitrite. Half of the introduced NH3 was

oxidized to nitrate, while the rest was converted to ammonium ion at low inlet

loading. Conversely, nitrite and ammonium ion were predominant. The results

show that the adsorption process was important for NH3 removal, and that toxic

metabolites inhibition was encountered mostly affecting the conversion of nitrite

to nitrate.

The results of metabolic products analysis also demonstrated that the activities of

SOB were significantly inhibited by the high NH3 concentration as well as the

high nitrate. However, the NH3 performance was improved by the coexistence of

H2S since part of the dissolved NH3 was removed by the chemical reaction

between sulphate and ammonium ion. The main metabolic end-products were

elemental sulphur and nitrite for the simultaneous elimination of H2S and NH3.

The occurrence and predominance of specific bacterial species varied with the

environmental conditions of the reactor. Nitrosomonas and Nitrosospira were the

predominant bacteria in the system that treated NH3. Some common
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heterotrophic ammonia-oxidizing bacteria, such as Pseudomonas and Vibrio were

found in the system that treated single NH3. Thiobacillus and heterotrophic SOB

were dominant in the system treating H2S with pH control, while autotrophic

SOB (Thiorhodococcus) was dominant in the system without pH control. A shift

in the bacterial community was observed with regard to the loading rates and

composition of the pollutants.

Clogging and air channelling were not observed during a long-term operation.

Sulphur accumulation did not clog the system during the operation at high

loading rates for more than 3 months. It may be due to the excess deposit could

easily be removed by the recirculation liquid. The limited growth of autotrophs

also prevented this common operating problem. In practical applications, the

problems caused by end-product inhibition and acidification can be alleviated by

the trickling mode operation with the recirculation liquid.

Kinetics analysis supports the enhanced removal efficiency of the optimized

system. The size of the reactor could also be predicted by the modified

Michaelis-Menten model with the data obtained from kinetics analysis. Less than

10 s of EBRT was required for the simultaneous treatment of H2S and NH3 at

concentrations of up to 500 ppm. The results of this study could thus be used as a

guide for the further design and operation of industrial-scale systems.
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6.2 Future work

Odour discharges from industrial processes always contain vanous volatile

organic compounds (VOCs) along with H2S and NH3. Therefore, the synergetic

and antagonist effects of VOCs on simultaneous removal of H2S and NH3 should

be studied in the biotrickling system.

The effects of other operating parameters, including moisture content, flowrate of

the recirculation liquid, oxygen limitation and temperature, on treatment

performance should be examined to provide a comprehensive study of the

removal mechanisms.

The effects of by-products inhibition on bacterial community dynamics should be

further investigated using molecular-based methods. The potential application of

other DNA fingerprinting techniques to monitor and identifY the microbial

community in the system should also be examined.

Structural models based on an in-depth understanding of hydrodynamics,

microbial populations, biochemical reaction pathways and adsorption

mechanisms should be developed and further expanded to unsteady state

conditions.

The emISSIon of pathogenic or non-pathogenic bacteria is an inevitable

consequence of biofiltration operation. The bioaerosol discharge from the

bioreactor should be assessed for safety considerations.

Process optimization and system modification are required to provide a better
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working unit. Long-term monitoring of the treatment performance of a full-scale

system should be implemented.
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Appendix A

Determination of Ammonia (NB3) in Water and Wastewater.
Automated Phenate Method

Standard Methods 4500-NB3 G (20th Edition, 1998).
EPA Method 0350.1

Alkaline phenol and hypochlorite react with ammonia to form indophenol blue

that is proportional to the ammonia concentration.

The automated procedure for the determination of ammonia (NH3) in water

utilizes the Berthelot Reaction in which the formation of a green-colored

compound believed to be closely related to indophenol occurs when the solution

of an ammonium salt is added to sodium phenoxide followed by the addition of

sodium hypochlorite (bleach). A solution of potassium sodium tartrate (Rochelle

Salt) is added to the sample stream to eliminate the precipitation of the

hydroxides of heavy metals which may be present. Ammonia concentration is

determined colorimetrically at 630nm.

Instrumentation used: Technicon AA 11Continuous-flow Autoanalyzer.
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AppendixB

Determination of NitrateINitrite (N03-IN02)

EPA Method 353.1

Standard Methods 4500-N03- H. (20th Edition, 1998)
Technicon Method 696-82W

Samples are collected in the field, preserved with concentrated sulfuric acid

(2ml/I), and stored at 4 Countil analysis.

The determination of nitrate is utilized by a reaction whereby nitrate (N03 -) is

reduced to nitrite (N02-) by an alkaline solution ofhydrazine sulfate containing a

copper catalyst. The solution is then treated with sulfanilamide under acidic

conditions to form a soluble azo dye which is measured colorimetrically at

520nm. The final product measured represents the nitrite ion originally present

plus that formed from the nitrate. Chloride, sulfide, ferric ion and phosphate ion

interfere.

Instrumentation used: TechniconAA 11Continuous-flow Autoanalyzer.
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Appendix C

Determination of N03--N and NH/-N in solid phase by KCl Extraction

Prepare 2M (2N) KCl solution: dissolve 300g KCl in 2L deionized water. Store

in a plastic HDPE carboy.

1. Weigh and transfer 109 freshly collected soil into an acid washed, 125ml

plastic HDPE bottle (freeze soils if immediate processing is not an option).

2. Add 50ml 2N KCI.

3. Cap bottle and place on shaker. Shake samples for 60 minutes.

4. Remove samples from shaker and set out overnight to allow settling of soil.

5. In the meantime, measure and record the weight of a numbered aluminum

weigh pan. Add approximately 25g soil, then weigh and record total weight.

6. Place pan plus soil in the oven at low setting for 24 hours. Remove and cool

to room temperature, then record oven-dry weights. Soil moisture determination

will be necessary to finish calculations in mg N/kg.

7. The following day, filter each soil extraction through a Whatman GFIF glass

microfiber filter (0.7J..IID).Be careful not to re-suspend the sediment on the

bottom of the bottle, as this will clog the filter. Store filtrate in an acid washed,

60ml plastic HDPE bottle with no preservatives added.

8. Analyze for N03-N or NH4-N via continuous flow autoanalyzer, or store at

4°C until ready for analysis.
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