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Abstract

The performances of biofilters packed with palm shells or peanut shells for removal of
pure methanol, pure toluene, or a mixture of methanol and toluene were investigated. Methanol,
which has a high water solubility was used as a representative of the hydrophilic class of VOCs
while toluene, which has a much lower water solubility, was used as the representative
hydrophobic solvent. Although the characteristics of peanut shells and palm shells are different
they both- appear suitable for use as media in biofilters treating air contaminated with methanol or
toluenc since their maximum elimination capacity (EC_, ) values are comparable to those
obtained using other media. The maximum elimination capacitics were 198 g methanol/m/h and
f4l g toluene/’mjfl.l for peanut shell systerns and 168 ¢ methanol/m’/h and 133 g toluene/m /h for
palm shell systemé. In the mixed VOCs systems, the maximum elimination capacitics were 215 g
methanol/m’/h and 6.6 g toluene/m’/h for the peanut shell system, and 185 ¢ mcthanol/mj/h, and
88¢g toluene/m%h' for the palm shell system. It can be scen that the EC values for methanol in the
single componcnt-systems are very similar, but the EC values obtained for tolucne in the mixed
system are \;veh bélow those obtained in the single component systems. This 1s probably because
toluene was only introduced into the biofilter systems after the microorganisms were well
acclimatized to methanol. There is evidently much still to be leamt about interactions between
microorganisms responsible for degrading different VOCs and this could be a fruitful area for

further research. The EC._ valucs for peanut shells are slightly higher than those for palm shells,

max
and the peanut shells have a much lower bulk density, which would certainly have cost
advantages. Howe\-fer, the results also show that palm shells could retain their structural integrity
better than peanut shells and so requirc replacing less frequently. This means that local
a.vailability and costs of the two materials are hikely to determine which should be sciccted. Use
of peanut shells or palm shells should be of considerable benefit to Thai industrics considering
ipstalling biofilters to remove VOCs as it makes the cost of bed packing materials much more
;ftbrdublc than if more conventional packing materials had to be used.

A macrokinctic mode! based on ¢limination capacity was chosen for modeling brofilter

performance as a function of inlet load. Sucl a model would be decidedly useful 1o anyone sctting

1



out to design a biotiltcr. The equation of glimination capacity vs. the load curve is
EC=aH_, (1—e""). The underlying basis of this model is that microbially mediated VOC
degradation processes follow Michaelis-Menten kinetics, so that in any given biofilter there is a
maximum VOC degradation rate that can be achicved. At low inlet loads it would be expected
that a first order relationship would exist; however, as the inlet load increases, the relationship
moves progressively towards a zero-order relationship. Even though the bed height was kept
constant during the present project it has been included as a variable in this model so as to
enhance the model’s usefulness to those wishing to design biofilters for other purposes. The
above elimination capacity model fitted well both our experimental results and those of other

studies. -
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Chapter 1

Introduction

1.1 Background

Volatile organic corhpounds {VOCs), such as toluene, benzene, acetone, methanol and
ethanol, are organic compounds that evaporate easily at room temperature. Large amounts of
VOCs are emitted from many industrial operations. Many VOCs have an adverse impact on the
environment and on living organisms, especially humans. Once VOCs enter the atmosphere and
are inhaled or ingested by living organisms, it can endanger their health. To set limitations on the
qlfantities of VOC cmissions has been a concern in more developed countrics, such as the USA,
for several decades. In the USA, a major impetus was given to removal of VOCs from
contaminated air streams by passing the 1990 Clean Alir Act Amendments (CAAA).

Current technologies used for controlling of VOCs {e.g. thermal incineration, wet scrubbing.
and adsorption on:to activated carbon) are costly, especially in cases where there are low
concentrations of the pollutants {Mohseni and Allen, 2000). Moreover, these treatments are
unsuitable for treating high volume air flows with fluctuating VOC coneentrations. One
technology that is well suited for removal of VOCs from contaminated air streams with low and/or
ﬂuct;uating VOC concentrations is biofiltration.

Biofiltration involves passing an air streamn contaminated with VOCs through a bed packed
with a solid mediunt and letting a microbiological process oxidize the volatile organic compounds
on the surface of the packing, where a bidﬁlm is formed. Innocuous products such as carbon
dioxide and water arc the end products from this process. Biofiltration is inexpensive compared
with the tcchniquesincnlioncd earlier and very effective for treating large volumes (up to 10’
m#¥h) of moist air -strcams with low concentrations (less than 5 g/m3) of the biodegradable
pollutants (Devinny ct al.. §999). Furthermore. the trcatment is environmentally friendly. as the
trcgiatmem can be performed at ambient temperature and it does not generate nitrogen oxides or

secondary waste streams. Pollutants are generally converted to carbon dioxide under the action of

growing or resting microorganisms {Deshusses, 1997).
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Biofiltration is a very complex process affected by several factors including biodegradation
kinetics, oxygen availability in the bioﬁlms,’ microbial ecology and spatial distribution of biofilms,
moisture content of the packing material, pH, temperature, and flow characteristics through porous
media (Baltzis et al., 1997). Due to-thc complexity of the physical, chemical and biological
processes involved in biofiltration, and because VOCs can have widely varying chemical and
physical characteristics, fundamental as well as applied investigations on biofiltration are required
for better understanding and design of a biofilter. Currently availablc data on elimination rates of
mixtures of VOCs, especially mixtures of hydrophilic and hydrophobic VOCs, for various filter
media are insufficient. Methanol and toluene, which were used in this study, are two examples of
VOCs.

One of the main industries in Thattand that generates VOCs is the printing industry and its
output of VOCs is likely to be expanding; for example. the number of labels printed in Thailand
rose from 9.26x10" picces in 2000 to 15.9x10" picces in 2008 (The office of industrial economics,
2009). This industry employs solvents such as ¢thanol, cthyl acetate, methyl ethyt ketone, n-propyl
acetate, toluene, icinol and acetone (Campbell and Connor, 1997) and emits them to the
atmosphere. Phese VOCs evaporate rapidly during the printing process because of the relatively
high procéss temperatures, such as 60°C in the oven at a local printing plant (My Jet: Digital Ink

Jet Printer, China), or 80 °C in the oven at the Conoflex Packaging Plant in Australia (Campbell

and Connor, 1997). VOC concentrations in ventilation air from printing works can be significant;

Liu et al. (2002) measured toluene concentrations ranging from 0.021 to 0.323 g/ms, in gases
discharged from color printing works i China.

In Thailanci, especially less developed parts like southern Thailand, concern about industrial
VOC emissions is still imited. However, 1t is expected that as global and national concerns about
the environment increase, pressurc o limit the quantities of VOCs emitted by industries such as
the printing industry in Thailand will intensity. Biofiltration is a VOC removal technology that
could be potentially of interest to particular local industrics. It will encourage local industries 1o
pay more aftention to using biofiltration for VOC removal if incxpensive bed media and
knowledge about cffectively designing biofilter systems are available. Since the conventional
biofilter bed media are expensive in Thailand. preliminary work suggested that peanut shells and

palm shells, agricultural waste products that are readily and cheaply availabie in various parts of

b



Thailand, could be suitable for use as biofilter bed media. Although a large body of empirical data
has been published, the fundamental knowledge necessary for biofilter design based on theoretical
concepts or on mathematical models is still missing. The elimination process of VOCs from
industrial waste strcams using biofilter with local agricultural waste as packing media have
potential value to Thal industries. Thus, this work is aimed at studying the performance of
experimental bioftlters using peanut shells and palm shells as packing media, characterizing the
performance of these biofilters when treating gases containing methanol and toluene (two
commonly used VOCs), and generating macrokinetic model to predict VOC elimination rates in

the system.

1.2 Literature Review
1.2.1 Volatile Organic Compounds

It may be stated, as an approximate rule, that VOCs are those organic liquids or solids
whose room temperature vapor pressures are greater than about 0.0007 atm and whose
atmospheric boiling: pomts are up to about 2600(3, which means most organic compounds with
less than about 12 carbon atoms (Nevers, 2000). VOCs mclude a variety of carbon-containing
chemicals, but n.,ot carbon monoxide, carbon dioxide. carbonic acid, and metallic carbides, since
those compounds are inorganic. Most VOCs have an adverse effect on air quality and are classed
as airrpollutants. VOCs form the bulk of the 189 hazardous substances listed by the Clean Air Act
of 1990 (Prado ct al., 2005}. Most VOCs have short- and long-term adverse health effects. VOCs
are emitted from many products, such as paints and lacquers, paint strippers, cleaning supplies,
pesticides, building materials and fumishings. In addition, a large quantity of VOCs is released
from various industrial sources, e.g. petrochemical, printing industries, coating facilities, and
hazardous waste sites. When humans are exposed to VOCs, they can cause eye, nose, and throat
irrit’ation; headaches, loss of coordination, nausca; damage to liver, kidney, and central nervous
system. Some VOCs can cause cancer in animals; some are suspected or known 1o cause cancer in
hur_;xans. The ability of organic compounds 10 cause health etfects varies greatly. from VOCs that

arerhighly toxic to these with no known health effect. Similar to other poliutants, the extent and

nature of the health effect will depend on many factors including evel of exposure and length of
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time exposed. Concentrations of many VOCs are consistently higher indoors (up to ten times
higher) than outdoors (Spicer et al., 2002; EPA, 2009).
1.2.2 Selection of Experimental VOCs

The solubility of VOCs in water was an important factor in choosing the substances
investigated in this study, since the solubility of a VOC affects the rate at which it diffuses from
air into the biofilm layer. VOCs vary markedly in their solubility in water; aliphatic compounds
are usually quite soluble whereas aromatic compounds are relatively insoluble. In order to make
the results of this experiment widely applicable, the study was conducted by using peanut shells
and palm shells as packing media in biofilters together with a hydrophilic VOC and a hydrophobic
VOC, as well as a mixture of the two. In previous studies, ethano! (Christen et al., 2002; Xiao,
2002 Dastous et al., 2007) and methanol (Mohseni and Allen, 2000; Torkian et al., 2003; Sologar
ct al., 2004: Prado P;t al., 2005; Chetpattananondh et al., 2005; Dastous et al., 2007) have been
widely used as representatives of soluble VOCs, hence in this study, methanol was chosen as
hydrophilic VOCs representative. Methano! is a hydrophilic substance which can easily dissolve
in water {with a wat;:r solubility of 1,000 g/l at 25 ©C). On the other hand, toluene appears to have
been among the most extensively studied example of a poorly soluble VOC (Dethoménic et al.,
2002a; T orkia‘n Et al., 2003; Rene et al., 2005; Wright et al., 2005; Vergara-Femandez ct al,,
2007), hence in this study, toluene was chosen as hydrophobic VOCs representative. Toluenc is a
hydrophobic substance which is relatively insoluble in water {with a water solubility of 0.53 g/1 at
_250C ). Therefore, methanol and toluenc are used as representatives of VOCs in this study; both
are commonly used in chemical industries, furniture industries, ctc. They are among the hazardous
air pollutants (HAPs) listed in Title I of the 1990 Clean Air Act Amendments {CAAASQ)
proposed by the US Environmental Protection Agency (EPA). The physical propertics of toluene

and methanol are presented in Table 1-1.
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Table 1-1 Physical properties of studied VOCs (Spicer et al., 2002).

Properties Methanol Toluene
Vapor pressure (mmlg, 25?C) 118 28.6
Polarizability (cm’/mole) 8.2 3

Water solubility (g/1, 25°C) 1000 0.53
Other Polar Non polar
Chemical formula/structure CH,OH CHy
Molecular weight 32 92.1
Boiling point °0) 65 111

1.2.2.1 Methanol
Methanol (methyl alcohol) is a hydrophilic substance with a simpie structure. It is
a clear, colorless and volatile liquid at ambient temperatures and 1s registered as CAS#67-56-1
(Spicer et al., 2002). Common sources of methano! toxicity are found in antifreeze, perfumes,
paint solvents, beverages, photocopying fluid, and shellac {Askar and Al-Suwaida, 2007). About

-

40% of mcthanol is converted into formaldehyde and then used in paint production (Methanof (1),
2008). In a(;dition, methanol is a feedstock in the production of acetic acid; methyl tert-butyl ether
(MTBE) and oxinol, which arc used to improve gasoline octane: and other chemical intermediates.
Mecthanol is also used as a solvent and in the production of single-cell protein. which is used as
animal-feed additives replacing such supplements as powdered milk, soybean meal, and fishmeal
(Methanol (2), 2006). Council of the Paper Industry for Air and Stream Improvement (NCASI)
methanol sampling method were conducted at two pulp and paper mills. Sampling and analysis
procedures followed EPA Method 301 requiremenis. The sampling location for the first field test
was the inlet vent to a softwood bleach plant scrubber, where the methanol concentration was
approximately 30 ppm. A second field test was conducted at a vent from a black liquor oxidation
tank where the methanol concentration was approximately 350 ppm (Peterson ct al., 1995).
Mcthanol can cause penmnanent blindness when breathed. mgested. or passed
through the skin. Lxposure to high concentrations can cause death. Because of the slowness of its
climination by the human body, mecthanol should be regarded as an accumulative potson.

Exposure can cause headaches. cardiac depression, nausea, vomiting. blurred vision, dizziness, a
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feeling of intoxication, and irritations of the eyes, nose, mouth, and threat. Repeated or prolonged
contact can.cause liver, kidney and heart damage, and possible death (Methanol (3), 2001).

1.2.2.2 Toluene

Toluene (methylbenzené, phenyl methane) is a hydrophobic substance with a more
complex structure because of the benzene ring. It is an aromatic hydrocarbon (Cng) and is
registered as CAS#108—88—3 (Spicer et al., 2002). At room temperature, toluene is a colorless,
sweet-smelling, and wvolatile liquid (Toluene (1), 2000). Toluene is commonly used in the
manufacturing processes for vamnishes, lacquers, paint thinners {Acufa et al., 1999), adhesives
(glues), and rubber. In addition, toluene is applied as a solvent for dissolving printing ink and
cleaning the nozzles of printers (Toluene {2), 2008).

Toxicity can occur from accidental or deliberate inhalation of fumes, ingestion, or
absorption throﬁgh the skin. Toluene iz commonly abused by saturating or soaking a sock or rag
with spray paint, placing it over the nose and mouth, and inhaling to get a sensation of euphoria,
buzz, or high. When humans have contact with toluene, skin-irritation, nausea, headache,
dizziness, and {inconsciousness may occur. In the long term of exposure, cardiac sensitization,
severe heart abmormalities, and liver and kidney damage may be fatal (Toluene (1), 2000).

" < The Occupational Safety and Health Administration (OSHA) has determined the
acceptable level of occupational exposure to toluene for people in the workplace as shown in
Table 1-2.

1.2.3 Technology Applications for Treatment of Contaminated Air Emissions

There are many techniques to remove VOCs from contaminated air. There arc 3 main
approaches used. in extracting these substances; chemical change, where VOCs are chemically
altered to more innocuous products in the gas phase‘ {e.g. incineration); physical transfer of the
VOCs out of the gas phase (e.g. condensation, and adsorption); physical transfer of the VOCs out
of the gas phase coupled with microbial conversion into less harmful compounds (e.g.
bioftitration). In considering which approach is appropriate, many related factors should be
incorporated into the determination. These factors include, for example. VOC concentrations in
the air, the purposc of recovery {e.g. reuse), the required removal etficiency, and air flow rates. In
Figure 1.1 it 1s shown how the factors of VOC concentration, and air flow rate aflect the choice of

removal technology.
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Table 1-2 Toxic effects of inhaling toluene (Rafson, 1998).

inhalation Exposure Health effects
Concentration time
(ppm)

10-4.0 Continuous No symptoms

80-300 Years No abnormal liver tests

100 6h Eve/nose irritation, headache, dizziness, “high” feeling, normal
neurcbehavioral tests

117 (average) | Years No neurologic abnormalities

200 8h Mild fatigue, weakness, confusion, skin tingling

600 8h Euphoria, headache, dizziness, nausea, pupil dilation

800 g8h Above symptons but more pronounced and persisting for days,
muscle fatigue, nervousness, insomnia

Glue sniffer 3yr Reversible lung, kidney. liver function tests

Gas Flow {m*h)

1.000,000
100,000 o ! R
Biofiltraton ; |
1
Bioscrubbing J
10,000 Trickling Taltees. 1 . _
Regenertive Lfondcu&aiim
1,000 _ ! g ‘
adsorption |
- — .- 1
o 4| . __‘7 Cryo-condensulion
* [ Non-regenerative adsorptioi‘{"m -
l 14 1030
E Concentraion (g my
¥

Figure 1-1 Applicability of various air pollution control technologics based on air tlow rates and

concentrations to be treated. {Devinny et al.. 1999).




The more important methods of VOC removal, including incineration, condepsation,

adsorption, and biological treatment are described below (Devinny et al., 1999).

1.2.3.1 Incineration
Thermal and catalytic incinerations are widely used as effective ftreatment
processes for waste gases. In a thermal incineration, contaminated air stream is combusted at
temperature of 700-1400°C. Secondary treatment is necessary because of the formation of nitrogen
oxides (NO,), which harm the environment (smog, acid rain, etc.}.
1.2.3.2 Condensation
Condensation is a technique in which gaseous VOCs are changed to liquids. A
contaminated air stream is cooled and compressed till a substantial fraction of the VOCs have
liquefied. This technique is only economical for concentrated vapors where there is some recycle
or recovery value.
1.2.3.3 Adsorption
Ac-lsorption is always applied with low concentration gas. Activated carbon or
other porous materials are the main adsorbents used in this technique. Saturated adserbents are
harmful wastes. To avoid loss of adsorbed VOCs back to the atmosphere they need to be
converted to more innocuous compounds by another process, such as incineration.
1.2.3.4 Membrane Systems
This method involves compressing waste air streams to enhance the pressure
differential between the air-feed side and the permeate side of a membrane {(to approximately 310
to 1400 kPa); the pressure gradient causes VOCs to diffusc across the membrane, thus achieving
the desired separation. Only a portion of the organic.vapors is recovered in the condenser
downstream of the membrane; to remove residual VOCs requires another process.
1.2.3.5 Biological Treatment
Biological trcatment is effective and cconomical for low concentrations of
coftaminants in large quantities of air. Biological processes are widely used in various industrial
arx'i residential wastewater treatments to remove VOCs of low maolecular weight and highly
soluble organic compounds with simple bond structures, such as alcohols, aldehydes. ketones, and

some aromatics, Compounds with complex bond structures generally require more energy (o be



degraded, such as phenols, chlorinated hydrocarbons, polyaromatic hydrocarbons, and highly
halogenated hydrocarbons. inorganic compounds such as hydrogen sulfide and ammonia are also
well biodegraded (Devinny et al., 1999).

VOCs are main sources of carbon and energy input for the metabolism of
aerobic bacteria {Delhoménie et al., 2002a). Contaminated air streams that contain biodegradable
compounds that are non-toxic to microorganisms have been widely studied (Lee et al., 1996; Auria
et al., 2000; Mohseni and Allen, 2000; Zilli et al., 2001; Delhoménie et al., 2002a}. Microbial
populations may be dominated by one particular microbial species or numerous species {Devinny
ctal., 1999).

The major air-phase biological reactors are biofilters, biotrickling filters, and
bioscrubbers. In biotrickling filters, microorganisms are fixed on inorganic materials and
suspended in the w-atcr phase. Contaminated air and a mixture of water, buffer. and nutrient arc
passed continuously over the immobilized microorganisms, whether co-currently or counter-
currently depends on the specific operation. In bioscrubbers, microorganisms, nutrient, bufter, and
water are mixed anéi aerated before contaminated air enters counter-currently into the bioscrubbers
(Devinny et al., 1999).

- Biofiltration uses microorganisms fixed on packing media to break down
pollutants present in an air stream. A humid, contaminated air strecam is passed through immobile
packing media, and contaminants are degraded by oxidation reactions carried out by
microorganisms attached to the media. In gencral, this technique operates at room temperature,
hence it can decrease the capital cosi by obviating the use of heating or cooling equipment.
Products from the reaction are carbon dioxide, water and biomass. In this study, biofiltration was
applied and the information ts shown below.

Contaminated air treatment technologies often depend on flow rates and
concentrations, as was shown carlier in Figure 1-1. These technologies have difterent advantages

-
and disadvantages. which are shown in Table 1-3.

1.2.3.6 Comparison of VOUC Treatment Processes

Wy g

Two key factors that largely determine which VOC treatment technology s
chosen for a particular application arc the air flow rate and the VOC coacentration. The

combinations of these two factors for which different technologies are recommended were shown

9



in Figure 1-1. A more detailed comparison of the advantages and disadvantages of each process

type is given in Table 1-3.

Table 1-3 Comparison of contaminated air control technologies (Devinny et al., 1999).

Control technology

Advantages

Disadvantages

Biofiltration

1. Low operating and capital cost
2. Effective removal of low
concentration compounds

4. Minimal waste streams

produced

1. Large footprint requirement

2. Medium deterioration will occur
3. Less suitable for high
concentration

4. Moisture and pH difficult to
control

5. Particulate matter may clog
medium

6. Poorly degradable high
concentration compounds

7. Microorganisms’ sensitivity to
loading fluctuations, moisture,

temperature, and pH conditions

Biatrickling filters

1. Medium operating and capital
costs

2. Effective removal of
compounds

3. Treats acid-producing -

contaminants

1. Clogging by biomass
2. More complex to construct and
operate

3. Further waste streams produced

Wet scrubbing
-

L TN

1. Low capital costs

2. Effective removal of odors

3. Ne medium disposal required
4. Can operate with a moist gas
stream

5. Can handle high flow rates

1. High operating costs

2. Need for complex chemical feed
systems

3. Does not remove all VOCs

4. Water softening often required

. Nozzle maintenance ollen

Lh

14}




E

LEE TR

Hy

Control technology

Advantages

Disadvantages

6. Ability to handle variable
loads

7. Can use with corrosive gases

required
6. High chemical cost in

wastewatcr treatment

Carbon adsorption 1. Short retention time / small 1. High operating costs
unit 2. Modcrate capital costs
2. Effective removal of low 3. Carbon life reduced by moist
organic compounds £as stream
3. Suitable for low / moderate 4. Creates secondary waste
loads streams {transfer waste air to solid)
4. Consistent. reliable operation

Incineration | 1. System is simplc t. High operating and capital costs

2. Effective removal of high
concentration compounds

3. Suitable for very high loads
4. Pertformance is uniform and
reliable

5. Small area required

2. High flow / low concentration
not cost effective since required
large fuel inputs

3. Creates a sccondary waste
stream (NO )

4. Scrutinized by public

1.2.4 Biofiltration

1.2.4.1 Introduction

As previously indicated, many VOC problems in industrial operations can be

cffectively solved by using biofilters for organic compounds removal. Biofiltration is a technology

to control both VOCs and odor. It depends on good VOC transfer between the gaseous phase

containing the contaminant and the active degrading microorganisms retained on a suitable solid

support. Biofiltration is an environmentally friendly process as the contaminants are completely

converted at room temperature into non-hazardous final products (Mohseni and Allen, 2000; Zilli

ctal.. 2001 Yoon and Park. 2002). In addition, the operating cost of the biofiltration technology is

10-20% lower than that of other wreatment technologies (Xiao. 2002). The cited results from

El
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previous studies indicated that biofiltration is the most relevant VOCs treatment technology.

Figure 1-2 shows a flowsheet of a typical industrial biofilter.
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Figure 1-2 The biofilter installation at the Conoflex Packing Plant (Campbell and Connor, 1997).

The equipment illustrated above includes a humidifier tower which is used to
humidify the e)‘éhaust air from a printing plant. The air is forced up the tower through the packing
against a desce:lding water stream. Watcr recirculation through the tower is achieved by means of
a pump. Th:e humidified air passes through two layers of packing beds contaiming biomass media.
where solvent vapors are removed. When contaminated air passes through media, the
éontaminants can be adsorbed and biodegraded at the same time. After the filter material is
saturated with contaminant, biological processes dominate in removing the VOCs (Devinny et al.,
1999). The microorganisms growing in a biofilm on the surface of a packing medium or
suspending in the water phase surrounding will degrade contaminants by oxidation reactions, They
utilize the solvents as a source of energy and as a source of organic carbon for ccll synthesis. They
convert the contaminants into carbon dioxide, water and biomass. When the moisture content in
the filter bed decreases, the overhead sprays can be activated to add water by an algorithin in the
computer control system (Campbelt and Connor, 1997). Pressure transducers were located at each
level within the biofiller to monitor conditions and alert the operator if things go wrong, An

exhaust stack 7 m in height was required to disperse residual VOCs in the exhaust air into the

atmosphere (Campbell and Connor, 1997).



Campbell and Connor (1997) describe practical experience with a printing plant
industrial biofilter in Australia. This used a filter bed medium containing mushreom compost to
provide porous structure and microbial n-Lgtrients. activated carbon to capture high peak pollutant
loads, polystyrene beads to assist in maintaining aeration and gas flow through the beds, and lime
to act as a buffering substance. The biofilter contained two filter bed units mounted one above the
other in a 10m x 17.5m x 5m insulated box (Figure 1-2). Each bed was packed to a depth of 1
meter with the mixture of bed materials. Gases containing VOCs in a solvent concentration range
of 10-1500 mg/ms, with temperatures of 10-40 °C and initial relative humidities of 10-20% were
treated in this biofilter unit. Table 1-4 shows typical biofilter operating conditions for waste air

treatment.

Table 1-4 Typical biofilter operating conditions for waste air treatment (Devinny et al., 1999).

Parameter

Typical value

Biotilter layer height

Biofilter area

Waste air flow

Biofilter surfz;ce loading

Biofilter volumetric loading

Bed void volume

Mean effective gas residence time
Pressure drop per meter of bed height
Inlet pollutant and/or odor concentration
Operating temperature

Inlet air relative humidity®

Watcr content of the support material

pH of the support material

Typical removal elficiencies

i Hypical elimination capacity

-15m
1-3000 m’
50-300,000 m'/h
5-500 m’/m /h
5-500 m’/m’/h
50%

15-60s

0.2-1.0 cm water gauge (max. 10 cm)
0.01-5 g/m’
15-30'C
40-60%

60% by mass
pH 6-8
00-100%

10-300 g/m /h

* Campbelt and Connor (1997)
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1.2.4.2 Flow Direction

Biofilters can be operated in down flow (Krailas and Pham, 2002; Xiao, 2002;
Prado et al., 2005; Streese and Siegmann, 2003; Sireese et al., 2005; Dorado et al., 2008; Mathur
and Majumder, 2008) or up flow (Delhoménie et al., 2002a; Singh et al., 2006; Vergara-Fernandez
et al., 2007; Dumont et al., 2008); which is used depends on the application. Prado et al. (2005)
showed a slight difference in performance between downflow and upflow biofilters. They
suggested that the downflow operation could achieve better moisture distribution than upflow
operation (Prado et al., 2005). However, in practice, most biofilters employ upflow.

1.2.4.3 Packing Materials

Packing materials play a key role in the performance of bioreactors for waste gas
treatment and particularly in biofilter applications (Maestre et al., 2007). Their most obvious
functions are a.s a support structure for an internal and/or external biomass film. Desirable features
include a large surface area, a low bulk density, and a high void ratio to help reduce biomass
clogging (Kennes and Thalasso, 1998). In addition, a suitable particle size and specific surface
area, high meisture retention capacity, and a high buffering capacity (to prevent large pH
fluctuations) arc necessary to the biofilter (Dumont et al., 2008). Packing materials should have a
large sur-fa::c arca for both microbial immobilization and pollutant mass transfer. Hence, bed
particles should be relatively small (diameter of 1 to 5 cm) (Devinny et al., 1999}, Commonly used
packing materials include peat (Yoon and Park, 2002), soil (Delhoménie et al., 2002a}, peanut
shells (Ramirez-Lapez et al., 2003), compost (Torkian et al., 2003; Rene et al., 2005), and
activated carbop (Aizpuru et al., 2003a). The characteristics of these packing malerials are
described below {Devinny et al., 1999).

1.2.4.3.1 Peat

Peat is naturally acidic and hydrophobic. It does not naturally contain

a large population of microorganismms. Peat requires moculation, e.g. with activated sludge, and
nutrient additions. It has a very low-pressure drop, but it does not endure, and 1t is difficult to

control moisture levels.



1.2.4.3.2 Soil

Soil is inexpensive and plentiful. Moreover, it has a large indigenous
microbial population, but it has a high pressure drop. Because its permeability remains fow, it is
necessary to employ large gas residence times and larger reactors.

1.2.4.3.3 Peanut shell

Peanut shells are better suited than other agricultural by-products, such

as rice husk, coconut shells, cane bagasse, and maize stubble, to be used as biofilter media, since
they have a regular particle size, a large specific surface area (26846 m/m’), a low bulk density
(0.052+0.012), a neutral pH (6.8+0.04), a large number of water holding capacity (85%), sufficient
nutrients for microbial growth, no significant clogging risk, and they showed limited pressurc
drops (Rzunirez—Lépgz et al., 2003).

1.2.4.3.4 Compost

Compost has good water retention propertics, neutral pH and suitable
organic content. Composts from sources such as sewage sludge, vard waste and manure composts
have been studied. %f packing media consist only of compost, there will be a high pressure drop.
So it should be mixed with various proportions (20-80%) of bulking agents (wood chips, perlitc,
etc.). T
1.2.4.3.5 Granular activated carbon

Granular activated carbon (GAC) can be used either alonc or as a bulking
agent. It can be provided in any desired particle size. Typically, coconut shell carbon has 0.3 cm of
cylinder height and 0.5 cm of diameter. GAC has excellent structural properties, uniform particle
size, and good resistance to crushing. It has substantial water-holding capacity and a good surface
for microbial attachment. GAC has no nutrients and no natural microbial population; thercfore, it
must be inoculated with microorganisms and provided with a nutrient supplement before being
used.

-

Other packing media that have been used in biofilters include natural
11'1;1;crials such as: bark (Dumont ¢t al., 2008). rice husk. canc bagassc {Ramirez-Lopez et al..
2()?33). pig manure and sawdust {Barona ¢t al.. 2004). and also synthetics such as: ceramics (Rene
et al., 2005; Park and Jung, 2006), glass beads and polyurethane foam. Advantages of inorganic

materials are their longer life time and ease of regeneration (Dumont ct ai., 2008). However, to



reduce the waste from agriculture and the packing material cost, use of agricultural by-products
from the local area is preferred.
1.2.4.4 Bed Thickness

Increases in bed thickness cause increases in pressure drop and require the
structure supporting the bed to be strengthened. High pressures towards the base of the bed
increase the likelihood that structurally weak particles will collapse and that voids between
particles at the base of the bed will close up, further increasing the pressure drop. From an
industrial perspective the pressure drop through the bed has to be kept fairly low or the cost of
moving air through the bed becomes unacceptably high.

1.2.4.5 Microbial Degradation Processes
1.2.4.5.1 The Microorganism Community
| Generally the microbial community in biofilters is made up of a

wide varicty of species. This is to be expected as during its start-up period the biofilter is usually
inoculated with activated sludge (Krailas and Pham, 2002; Ng et al., 2004; Prado et al., 2005) or
compost (Campbell: and Connor, 1997; Delhoménie et al., 2002a; Liu et al., 2002: Torkian et al.,
2003) both of which contain a wide variety of aerobic microorganisms. However, in some
laboratory studi‘és, pure microbial cultures, or mixtures of a few known specics have been used.
Some rescarchers sclected specific microorganisms from the laboratory for treating toluene, for
instance Kiared (1997) used Pseudomonas putida, Rhodococus sp., and Arthrobacter paraffineus,
Zilli et al. (2002) used Acinetobacter sp., Park and Jung (2006) used P putida, and Garcia-Peria
{2008) used P. variot{f in their respective biofilters.

During the start-up phase of biofilter operation the composition of the
microbial community alters until the relative proportions of the bacterial species present stabilize
at those best suited for the physical conditions (such as temperature) and for degrading the
par:icuiar VOC or VOCs being treated. This process is known as acclimatization. The time taken
to achicve an acclimatized microbial community is also affected by the time it takes for VOC
lcv?ls in the biofilm to stabilize

: Since it is very hard to dctermine the composition of microbial

communitics quickly and accurately, deciding when a microbial community has become fully
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acclimatized has to be done indirectly. Usually it is assumed that an acclimatized community has
developed once VOC removal levels have stabilized but this is not necessarily true.

One complicating factor is that slow growing fungal species are often a
component of microbial communities in biofilters. For example, Dorado et al. (2008) isolated and
identified Aureobasidium sp. and Clonostachys sp. in a biofilter treating air containing toluene.
They concluded that these fungi played an important role in toluene removal. The removal
efficiencies were higher when the fungal organisms appeared.

Uncertainties such as those described above may account for the fact that
reported acclimatization times for biofilters vary widely. For example, <5 days at an inlet
concentration of 0.75 g/m3 and an empty bed residence time of 60 s (Torkian et al., 2003), 18 days
at an inlet concentration of 0.30 g/m3 and an empty bed residence time of 71 s (Chetpattananondh
et al., 2005), and 25; days at an inlet concentration of 2.8 g/’m3 and an empty bed residence time of
150 s (Pineda et al., 2000} for biofilters treating air contaminated with toluene. Hence, we can
infer that the microorganisms in each situation have different acclimatization times because of the
differences i expcr:imental and climatic conditions.

1.2.4.5.2 Biofilm

i} Microorganisms form a thin layer or biofilm on the surfaces of the
packing material in the biofiiter bed. This biofilm divides the packing media from the gas phase.
Many processes occur there: mass transfer of contaminants and degradation products, degradation
of VOCs by microorganisms, and microbial respiration and growth. Bacteria exist within a matrix
of extracellular mate_rial (Acufa et al., 1999) such as exopolysaccharide gel (Devinny et al., 1999)
or organic polymer gel. Since the biofilm is composed largely of water (90-99%) (Xiao, 2002;
Morales ct al., 2003), many of its physical properties, such as thermal conductivity, are similar to
those of water. However, because of its gel like nature, properties like viscosity can ditfer
cogsidcrabiy from those for pure water.

The bacteria present are immobilized in an aqueous biofilm attached to
thg packing material. The brofilm 15 often considered to consis.i of two compartments: the basc
ﬁl;n and the surface film. The base film tends to have quite well-defined structure and within 1t
molecular (diffusive) transport is the dominant transport process. The surface film is a region of

irregular thickness because oulgrowths are filaments, giving a very rough surface with marked
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irregularities in the transitional zone between the base film and the surrounding liquid (Xiao,

2002).
1.2.4.6 Transport Processes

Before the bacteria in the biofilm can degrade the VOCs these have to be
transported to and absorbed into the biofilm. Mass transfer of VOC from air to the water phase has
commonly been modeled in three steps (Figure 1-3). The bulk of the airflow is turbulent, and here
the contaminant moves by convection. Near the air-water interface, the airflow becomes laminar,
so that molecular diffusion becomes the only transport mechanism (Devinny et al., 1999). And
then contaminants are transferred by diffusion from regions of high concentration at the air/water

interface to regions of low concentration deeper into the biofilm/water phase.

Phase Transfer in Biofilter
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Figure 1-3 Phase transter in biofilter (Devinny et al., 1999).

Within the biofilm, a number of processes occur simultaneocusly. including
diffusion, adsorption. biodegradation and metabolic activities of the microorganisms. Contaminant
molecules may be simply dissolved in the water, but they may also be adsorbed on the surface of
water, biofilm. or the medium. For highly soluble contaminants such as methanol., methyl ethyl
kegone. and acetone, the dissolved torm may be dominant. and the volume of the water phase will
hz"vc a considerable influence on the amount transferred from the air. For more hydrophobic

contaminants, such as p-xylene. cthylbenzene, and tolucne, the packing materials may be

important adsorbers of contaminants {Devinny et al.. 1999: Aizpuru ct al., 2003a). In addition.
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contaminants may also be taken up by living cells, or adsorbed on the surface of biofilm or organic
matters (Figure 1-4) (Devinny et al, 1999). For all of the packing materials, biofilm
cxopolysaccharides and other biofilm compounds may compete for adsorption sites, reducing
adsorption of the contaminant. Finally, adsorption has no effect on steady state conditions: the
adsorbed material is simply an inactive reservoir that has no influence on treatment efficiency

(Devinny and Ramesh, 2003).
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Figure 1-4 Adsorption in biofilters (Devinny et al., 1999).
1.2.4.7 Biodegradation Reactions

Microorganisms degrade VOCs by a sequence of oxidation reactions. The overall

biodegradation reaction for VOCs can be represented as follows:

VOCs +Q, ->» CO, + H,0 + Biomass (1.1}

In practice, however, for all but the simplest compounds, the process involves the

§ T4 g

r - . . . .- . . . . . .
formation of a serics of intermediate compounds. Contaminants in air may be energy-rich volatife
orgunics or simpler inorganic compounds such as hydrogen sulfide or ammonia. These may be

converted directly to end-products such as carbon dioxide. water, sulfate and nitrate by a single
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organism. Or these compounds can be converted to an intermediate product and passed to another
organism for further degradation. A complex or difficult-to-degrade compound may undergo
several different transformations in several microbial species before it is eliminated (Devinny ¢t
al., 1999).

Equation 1.2 shows the overall degradation pathway for organic carbon compounds

under aerobic conditions in a biofilm (Xiao, 2002).
Organic carbon compounds + O, > CH| ,0, ,N,,(biomass)+CO, + H,0 (1.2)

Other researchers have developed other formulas involving, for example, the main
nutrient-containing substances in the reaction. Delhoménie et al. (2002b), for instance, preferred to

represent the overall degradation reaction using the following (non-stoichiometric) expression:

C.H,+ 0, + CO{NH,), — CH ,0,,N,s(biomass)+ CO, + H,0 1.3

Equations 1.2 and 1.3 employ different empirical formulae for biomass. Yet others
have been suggested; for example, Ramirez et al. (2008) used CH,,,0,,N,,, for biofiim in a
biofilter degrading methanol, and CH, .0, ,.N, ;o tor biofilm in the case where toluene was being
biodegraded.

Since the biodegradation, reactions are thermodynamically inefficient, significant
amounts of energy are released in the biofilter in the form of heat. Much of this is taken up as
latent heat of vaporizalion by water evaporating from the biofilter (Xiao, 2002). If this did not
occur, temperatures in the biofilter would rise rapidly to levels that would inhibit bacterial activity.

1.2.5 Factors affecting Biofilter Performance (

Many parameters affeet the performance of biofiltration, such as solubility of the VOC in
th(?liquid phase, biofilter water content (Auria ct al., 2000; Devinny ct al., 1999), lemperature, pH,
type of VOC (Mohseni. 1998) and VOC loading.

;: 1.2.5.2 Water Content
The moisture content of the filter bed needs to be maintained at around 60%

(Campbell and Connor, 1997). It the bed moisture content is too high. oxygen will be unable to
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penetrate to all parts of the bed and sections of the bed will become anaerobic, reducing the
amounts of VOC degraded and causing odour formation. Too low a moisture content results in
sections of the biofilm drying out, with a corresponding reduction in biofilter performance.
Maintaining an appropriate bed moisture content is difficult, especially in regions of the bed close
to the biofilter inlet because biodegradation activity tends to be concentrated in such regions and
the heat generated during biodegradation reactions leads to an increase in local water ¢vaporation
rates

Two approaches are used to maintain bed moisture content. The first 1s to ensure
that the air entering the filter bed has as high a relative humidity as possible. It is for this reason
that air is generally passed through humidifiers, such as that shown in Figure 1-2, before it enters
the biofilter bed. ’_Fhe second is to spray water intermittently onto the filter bed surface (Ikemoto et
al., 2006). As indicated by Prado et al. {2005) this is most effective in the case of downflow
systems. The main difficulty with this approach is that there 15 no direct way of determining either
the amount of water that should be added or how often additions should be made. As indicated
above, adding toé much water can lcad to the development of anaerobic regions in the bed: also,
excess water coll'ccting beneath the filter bed may well need treating before it can be released,
increasing ;;ila.;ll capital and operating costs signiticantly.

1.2.5.3 Temperature

Operating temperatures also affect biofilters, influencing both reaction rates and
the composition of the microbial community. 15-30°C is the range recommended by Devinny et al.
(1999). Acufia et al. (1999) showed optimum temperature for toluene degradation is 30°C. In a
given system the operating temperature will be determined by a range of factors such as VOC
concentration, air flow rates and the amounts of water added. For instance, VOC degradation was
inhibited at temperature above 40°C {Lu et al., 1999Y, however a biofilter may be operated at a
Eﬁmperamrc higher than 40°C if the incoming VOC concentration is maintained at a low level
{Yoon and Park, 2002).

1.2.54 pH

Woyew gy

Metabolite formation is possible when biodegradation occurs, Metabolites waill
undergo the same simuttaneous dittfusion/ biodegradation/ sorption processes as the original VOC.

Acidic metabolites may need to be newtralized, and this is usuvally done by mixing himestonc or
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other pH buffer agents with the support material prior to the packing of the biofilter {Deshusses,
1997). One acidic metabolite is benzoic acid, which forms during toluene degradation (Xiao,
2002; Dorado et al., 2008). The importance of preventing a pH decrease is well illustrated by the
work of Acuiia et al. (1999) who found that the toluene consumption rate was greatest at pH 7-7.5,
with the removal efficiency decreasing by about 70% when the pH was reduced to 5.6.

Carbon dioxide formed during biodegradation may also affect pll levels. Most
difﬁ;ses. back to the air/water interface and is transferred to the gas phase. However, some of it can
also accumulate as carbonate (Deshusses, 1997; Dorado et al., 2008).

1.2.5.5 Type of VOC

Organic compounds such as alcohols, aldehydes, ketones, and some simple
aromatics demonstrate excellent biodegradability. Some compounds that show moderate to slow
degradation inélude phenols, chlorinated hydrocarbons, polyaromatic hydrocarbons, and highly
halogenated hydrocarbons. Inorganic compounds such as hydrogen sulfide and ammonia are also
biodegraded well (Devinny ef al., 1999). Many industries produce air streams contaminated with
mixtures of Vé)Cs. Biofiltration has been successfully applied to treat mixtures of hydrophilic and
hydrophobic ccompouncls {(Zarook et al., 1997; Mohseni and Allen, 2000; Yoon and Park, 2002,
Torkian étiﬂ., 2003; Singh et al., 2006). However, in some cases biodegradation rates of particular
VOCs in mixtures can be much lower than rates achievable when the VOC concerned 1s the only
one present. For example, both toluene and chlorobenzene are easily degraded individually, but in
mixtures toluene degradation is inhibited if chlorobenzene is degraded by the same organism
(Aizpuru et al., 2003a). Hydrophilic methanol exerts a similar impact on the metabolism of
hydrophobic alpha-pinene (Mohseni and Allen, 2000). The removal of toluene was inhibited by
the presence of ethyl acetate (Liu, 2002).

1.2.5.6 Loading

The performance of a hiofilter is impacted on by both the air flow rate and the
VOC concentration. Air flow rate affects processes in the biofilter in a number of ways. Higher air
flow rates and higher bed pressure drops lead to higher air blower costs. Also higher air flow rates
and fower residence times of the amr in the bicofilter potentially decrease opportunities for VOO
transfer to the biofilm. However, higher flow rates potentially increase mass transter rates across

the air/biofilm interface.
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VOC concentration also aficcts processes. For a biofilter of a given bed volume,
the VOC inlet load, in g/mJIh, is determined by the product of air flow ratc and VOC
concentration and has an important influence on the performance of the biofilter. It alse influences
rates of microbial acclimatization. At low loadings the biofilter has the capacity to absorb and
degrade most of the VOC entering the biofilter but as the inlet load increases the capacity of the
biofilter to degrade the incoming VOC decreases, leading to a fall off in biofitter performance.
Fluctuations in VOC concentration also affect the efficiency of a biofilter.

Fluctuations in air flow rates and VOC concentrations occur frequently in
industrial plants, particularly in those such as printing works that employ batch processes
(Campbell and Connor, 1997). Such fluctuations, which can often be quite rapid, can have quite an
impact on micrpbial communities in biofilters and hence on biofilter performance. Ilence
experimental studies often include components where shock loads are applied to biofilters to
determine how resilient they arc and how rapidly they adapt to changes in operating conditions.

Practical problems associated with intermittent operation and sudden
fluctuations tn ﬂ’;c inlet concentration and the air flow rate are discussed by Rene ¢t al. (2005). An

industrial biofilter needs to be able to handle such adverse situations in order to provide maximum
removal of tfle target contaminant. How well it does this, however, depends on the stability and
distribution of the biomass in the biofilter. Rene et al. {2005) studicd the impact of shock loads on
a biofilter treating air containing toluene. When they changed the concentration from 0.09 to 1.4 ¢
toluene/m  at an air flow rate of 0.06 m}/h, the re_mqval efficiency reduced from 92% to 63%. The
results of their study indicate that although removal efficicncies fell, EC values increased. Hence
the biofilter was able to maintain a good performance even though experiencing such a large jump
1 concentration.

Not dissimilar results are reported by Kim ct al. (2007} who studied the removal
Of NH, in a biofilter using synthetic materials as packing media.. The stability and response of the
microorganisms to sudden changes in biofilter conditions was investigated. When the inlet Toad of
;NH, was increased from 0.053to 6 ¢ NHSE:I\S/h. a decrease n the removal efficiency from 100% to

Tabout 60% resulted (but as in the previous case EC values would have risen}.

I
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1.2.5.7 Excess Biomass

Biodegradation reactions lead to the creation of substantial amounts of new celi
biomass. In activated sludge, where aerobic biodegradation reactions not dissimilar to those in
biofilters occur, around half of the carbon in the degraded organic compounds ends up in new cell
biomass (Banetji, 2005; Hyperion Treatment Plant, 2005).

This biomass tends to gradually fill the voids in the biofilter bed, increasing the
pressure drop and decreasing the surface area of biofilm in contact with the air. Initially the
biomass growth has only a small effect on biofilter performance but a point is eventually reached
where the pressure drop rises steeply and biofilter performance deteriorates (Xi et al., 2006;
Dorado et al., 2008).

Once such a condition occurs excess biomass needs to be removed from the
biofilter. There are two approaches that can be used to do this, bed stirring and bed washing,
which permit the removal of parts of the excess biofilm without affecting the performance
{rcmoval cfficiency more than 80%) {Delhoménie et al., 2003 ).

1.2.5.8 Nutrient Levels

If biomass growth is not to be limited, adequate supplies of nutrients need to be
available to the microorganisms in the biofilm. Recognising this, Maestre et al. {2007) suggested
that phosphate and ammonium additions, as nuatrients in the liquid added to the biofilter to keep
the bed materials moist. also lead to an improved performance in the biofilter.

1.2.6 Biofiltration Terminology
To describe the performance of biofiltration clearly, general terminclogy pertinent to
the field should be well defined. Tmportant design or operating characteristics in biofiltration are
the Inlet Load (IL) and Empty Bed Residence Time (EBRT) while the pollutant degradation
performance of the biofilter can be expressed in terms of the pollutant Removal Efficiency (RE)
and the Elimination Capacity (EC).
1.2.6.1 Empty Bed Residence Time
LBRT rclates the flow rate to the size of the biofilter. It is defined as the empty

bed filter volume divided by the air flow rate:

EBRT = —L (1.4)



2.4 Nutrient Solution

Nutrient solution was periodically distributed over the bed upper-surface to maintain bed
moisture content at a suitable level and to provide those nutrients necessary for the growth of
microorganisms present in the biofilter. The composition of the nutrient solution is shown in Table

2-1 (Aizpuru et al., 2003b; Auria et al., 2000; Kim et al., 2007).

Table 2-1 Composition of one liter of the nutrient solution.

Compounds Amount
KH,PO, 091¢g
Na,HPO,.12H,0 23%¢g
KNO, 296 ¢
{NH,),50, 197 ¢
NaHCO, 1.5¢
FeSO,.7H,0 0.2 mg
MgSO,.7TH,0 2 mg

Mn3S0O,.H,0 0.88 mg
Na,MoO, .2H,0 I mg
CaCl, 3mg




where V = filter bed volume (m3), Q= the air flow rate (rnlfh)

The empty bed residence time overestimates the actual treatment time. The
medium occupics a substantial fraction of the biofilter, reducing the volume within which the air
flows and shortening the contact time. Even so, it is a commonly used parameter because it is
easily calculated (Devinny et al., 1999).

1.2.6.2 Mass Loading Rate (volumetric)

The mass loading rate (either surface of volumetric) is the mass of the
contaminant entering the biofilter per unit area or volume of filter material per unit time, often
expressed as g/rngof filter material/h. Because flow remains constant through a filter bed, the mass
loading along the length of the biofilter bed will decline as the contaminant is removed. The mass
loading rate for a system is defined below (Devinny et al., 1999).

massloading (volumetric) = % (1.5)
F
where C_ = inlet concentration (g/ms).
1.26.3 Removal Efficiency
RE is often used to describe the performance of a biofilter. It is the fraction of

the contaminant in the inlet air that is removed by the biofilter, expressed as a percentage:

. C,—C ‘
RE = —r—2L x 100 (1.6)
C

i

. - 3 . . 3
where C, = inlet concentration (g/m’); C__ = outlet concentration (g/m’).

ot

RE is an incomplete descriptor of biofilter performance because it varies with
sontaminant concentration, airflow, and the biofilter size and only reflects the specific conditions
under which it is measured. The elimination capacity (EC) (see below) allows for direct
";:Dmparison of the results of two different biofilier systems because the volume and {low are
*normalized by definition: however, EC is also a function of inpul concentrations. Effluent

concentration {or Y%removed) 1s siill commonly used as the goal of regulatory compliance

{Devinny et al., 1999),

I
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1.2.6.4 Elimination Capacity
EC is the mass of contaminant degraded per unit volume of filter material per
unit time. A typical unit for EC is g/m30f filter material/h. The overall elimination capacity is

generally defined as in Equation 1.5 (Devinay et al., 1999).

(Cm - Com’ )X Q

v

EC=

(1.7)

Elimination capacity can only be equal to or less than the mass-loading rate.
When the elimination capacity equals the loading rate, the biofilter is removing 100% of the
contaminant load in the air (i.e. RE = 100%). This tends to happen only under low loading ratc
conditions. A§ loading rate is increased, the elimination capacity/loading rate ratio begins to
decrecase, i.e the RE value falls below 100 %. On a plot of elimination capacity versus loading
rate, the peint at which the EC graph separates from the RE = 100 % line is called the critical load
or critical elimination capacity. As the loading rate is further increased continuously, EC values

plateau at a maximum overall elimination capacity (EC__ ). According to Devinny et al. (1999) EC

has some dependence on contaminant concentrations in the inlet air and on gas residence time in
the biofilter.
1.2.7 Previous Investigations
1.2.7.1 Methanol

Experimental studies dealing with the removal of purc methanol from air are given

in Table 1-5.

Table 1-5. Comparison of methanol treatment results.

L I T R

Researchers C a/m’) Q (m'/h) RE_, (%)
Krailas and Pham (2002) 0.46-8.41 0.06-0.17 =90
Prado et al. (2005) 2.43-2.78 0.13-0.26 >99



Researchers C, (g/ms) Q (m /) RE__ (%)

nax

Ramirez et al. (2008) 0.8-43 0.25-3.00 N/A

N/A data is not available

In the first of these investigations, the packing materials were sterilized
mushroom compost, pall rings, and activated sludge. These enabled a high removal efficiency
(>90%) to be attained in the downward flow biofilter used in this study (Krailas and Pham, 2002).

In the second investigation the packing materials were lava rock and activated
sludge. Inlet loads were 120-280 g/m3/11, with inlet methanol concentrations of 2-6 g/m}; Joadmgs
were increased stepwise during the experimental period with the EBRT being progressively
reduced from 91s to 48s. Operating the biofilter in downflow gave slightly better results than
running it in upflow. The removal efficiencies were 92.3+19.4% at inlet load of 102.4418.6 g/m]’/h
for downflow mode and 80.8+16.6% at inlet load of 105.1+27 .4 g/mA/h for upflow mode (Prado et
al., 2005). They also showed that no significant adsorption occurred on the support, proving that
the elimination Was due to the action of the microbes and suggested that use of insufficient
inoculum lcngthc-ncd the biofilter start up period considerably. They tried using various biomass
conccntra[iong(&ﬁ. 0.35, and 0.035 g VSS/liter) in the inoculum added to the biofilter. The inlet
methanol concentration was 2.6 g/mi. Their results show that the concentration of biomass in the
inotulum and the cxtent of its adaptation to the pollutant may dramatically affect the performance
_ and start-up of a biofilter packed with an inert filter bed. High biomass concentrations and an
adaptation step of the inoculum reduce the start-up period and improve biofilter performance
during operation.

1.2.7.2 Toluene

A considerably larger number of experimental studies dealing with the removal
o.ftoluene from air streams were located, such as Acufia et al. {1999), Singh et al. {2006), Xi ct al.
(2006), Vergara-Fernandez et al. (2007), and Dorado et al. (2008). In these studies a wide range of
gacking materials was used. .. peat moss by Acuiia et al. (1999), yellow-gram stalk by Singh et
!.1. (2006). compost. wood chip. propylene spheres and activated siudge by Xi et al. (2006), sca
shells, sewage sladge and compost by Vergara-Ferndandez ¢t al. (2007) coconut fiber or pine

leaves by Dorade et al. (2008).



Of particular interest to this investigation were the studies using plant-derived
packings such as yellow-gram stalk, coconut fiber and pine leaves; in their study using vellow-
gram stalk, Singh et al. (2006) noted that it had a lower stability than more conventional packing
materials and that the bed height dropped by 8 cm out of a total bed height of 0.7 m when run with
an air flow rate of 0.24 m’/h over an operating period of 50 days. The ranges of inlet
concentrations, the maximum removal efficiencies and the air flow rates for each of the studies are
shown in Table 1-6. The magnitudes of the inlet concentration and the air flow rate had a
considerable effect on the removal efficiency. The removal efficiency in cases where biofilters
were operated in the low concentration ranges, and at low air flow rates, was high. The highest
toluene loading of 1 g/m3/h was used by Vergara-Fernandez et al. (2007); here a 98% removal
efficiency was achieved at the air flow rate of 0.12 m’/h. They used sea shells as a packing media,
mixed with co;Inpost and sewage treatment plant sludge. The toluene inlet load was 32-95 g/m}/h
while the elimination capacity for toluene showed a linear variation with respect to infet load over
the range of 32-85 g/m}/h. pH values werc higher than 7 most of the time. It was observed that in
the first few days the pH was over 8.0; this was ascribed to the basic nature of the sea shells and
the low level 6f biological activity during the start-up of the system. The maximum pressure drop
was 204 m&thO/m of the biofilter. This value exceeded the suggested value of 60 mmH,O. There
were no compaction problems in the operation of the system. In this case, the increase in the

values of the pressure drop coincided with the addition of nutrients to the system, indicating that

the pressure differences were produced in part by the clogging of the support material due to an

increase In its moisture content.

Table 1-6 Comparison of toluene treatment results.

" gt g

Rescarchers C (gm) |Qu’m) | RE(%)
Delhoménie et. al. (2002a) 0.6-2.6 04-1.0 20-99
Rene et al. (2005) 0.5-2.3 0.024-1.144 60-90
Xietal (2006) 0.2-2.0 0.27-0.54 30-99
Vergara-Ferndndez et. al, (2007) 1-3.2 0.12-0.73 93-98
Ramircz et al. (2008) 0.4-3.5 1.00 N/A

N/A: data 15 not available



b T Y S

Not only did Ramirez et al. (2008) study methanol but they also studied toluene.
The biofilters were packed with clay spheres. The ranges of inlet concentrations and air flow rates
were 0.8-4.3 g methanol/m’ and 0.25-3 m’/h for removal of methanol and 0.4-3.5 g toluene/m’ and
1 m’/h for removal of toluene. Their biofilters performed best when supplementary nitrogen was
added; the maximum elimination capacities were 80 g methanol/m’/h and 65 g toluene/m’/h.
Two effects observed in biofilters treating gases containing toluene are falls in
pH and high pressure drops (Dorado et al., 2008; Xi et al., 2006). Dorado et al. (2008) observed a
fall in pH to around 3 and attributed this to the presence of benzoic acid, which as discussed
earlier, is one of the intermediates in the toluene decomposition pathway. Their reactors packed
with coconut fiber or pine leaves were initially inoculated with activated sludge from a municipal
wastewater treatment plant. The average inlet load was 77 g/m3ﬂ1 and the biofilter was operated at
an EBRT of 60 s. Xi et al. (2006) studicd the effect of operating conditions on the long-term
performance of a biofilter treating gaseous tolucne. Their biofilter bed was composed of wood
chips (1-4 cm'-in length and 0.01-0.03 cm in width), propylene spheres (2.5 ¢cm in diameter), and
activated slud;ge. The pressure drop at the inlet section was higher than that at the outlet section.
Both an izlcrease in the pressure drop and a decrease in toluene removal capacity occurred
simultaneously during the operating period, which indicated that an increase in the pressure drop
was being induced by cxcess biomass accurnulation. Up until day 50, the pressure drop was very
low, between 5 and 7.2 mmH,0/m of biofilter height, and stable. Then, it rose quickly and reached
about 67 mmH,0/m by day 65. The excess biomass accumulation was controlled by reducing the
inlet concentration. A 90% removal efficiency was then obtained. After day 100, the pressure drop
rose again and reached more than 206 mmH,0/m. Subsequently, the cxcess biomass was removed.
As was also discussed carlier, fungal activity was important in the biofilter
operated by Dorado et al. (2008). They demonstrated the presence in the biofilter of
Aureobasidium sp. and Clonostachys sp. and, based on specific growth ratc consideratiovs,
showed that removal efficiencies were higher when the fungal organisms appeared. Before fungal
appearance. the average volumetric maximum growth rate (caleulated assuming Monod-type
kinetics) was 813 g/m';/h. Then the volumetric maximum growth rale went up to 5000 g!’mj/’h.

indicating that the fungal organisms had a significantly better capacity to biodegrade toluene than



bacteria. This is reflected by the change in kinetic parameters following the evolution from
bacterial to fungal operation. Estimates of the half-saturation constant (K _) yielded a low value of
0.21 g/m3 during the period of fungal appearance while, K _ in the period of bacterial dominance
was much higher, at 5.01 g/mj. These results demonstrated a higher affinity between toluene and
fungi than between toluene and bacteria.
1.2.7.3 Methanol/Teluene Mixtures

The treatment of mixtures of methanol and toluene has not previously been
studied. However there have been several investigations where mixtures of methanol or toluene
with another VOC have been studied. Information on these studies is provided in Table 1-7.
Mohseni and Allen {2000) showed that the presence of methanol, a hydrophilic and easily
biodegradable compound, suppressed the growth of the a-pinenc degrading microbial community,
thereby reducing the a-pinene removal capacity of their biofilters. However, methanol was not
affected by the presence of d-pinene and its removal rate from the air stream remained unchanged
under different @-pinene loading rates. Jin et al. (2007) showed that pH had little effect on
methanol removat when treating a mixture of methanol and hydrogen sulfide. The research of
Zhang ct al. (2007) also showed effective elimination of methanol in a mixed VOCs system. Liu et
al. (2002) stud‘;ed a mixed VOCs system comprising toluene and ethyl acetate. In this case tolucne

could be treated more effectively than the ethyl acetate.

Table 1-7 Comparison of mixed VOCs treatment results.

Researchers Mixed VOCs system
1" voC . 2" voc
Substance | I, | EC_, | Substance IL, .. iEC__
Mohseni and Alten (2000) Methanol | 280 250 (-pinenc 90 45
Jin et al. (2007) Methanol | NF/A | 236 Hydrogen sulfide | 23.8 | 6.4
Zhang et al. (2007) Methanol | 67 43 Dimcthyl sulfide | 5.9* | 1.8*
L;u et al. {2002) Toluene 60 50 [:'.thyl acctate 250% | 150%

*estimated from graph

N/A data is not avatlable
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1.3 Objectives
On the basis of the overall project aim, coupled with the information obtained from a review of
existing literature, the following specific objectives were decided on for the project:

1.3.1 To set up three scts of biofilter systems, each comprising onc biofilter packed with
peanut shells and one packed with palm shelis.

1.3.2 To study the performance of the three biofilter systems when used to remove pure
toluene, pure methanol and mixtures of toluene and methanol from air under a range of conditions.
A scparate biofilter system was to be used for each VOC/VOC mixture.

1.3.3 To study the impact on VOC removal efficiency of the three biofilter systems during
shock loading conditions.
1.3.4 To develop and validaie a macrokinetic model predicting VOC elimination rate in the

biofiltration systéin.

1.4 Rescarch Benefits

1.4.1 Facilitating the use of low-value agricultural by-products such as peanut shells and palm
shélls as packing material for biofilters could help decrease agricultural waste problems, increase
their market valug and ultimately benefit agricultural by-product producers.

1.4.2 Acquisitjon of data on elimination rates of toluene, methanol and methanol/teluene
mixtures in peanut shell- and palm shell-packed biofilters.

1.4.3 Development of knowledge in the field of waste air treatment by biofiltration, especially
the knowledge necessary for biofilter design based on theoretical concepts and on mathematical
ipodels.

1.4.4 Acquisition of basic information and knowledge necessary for biofilter design that can
Ge applied on an industrial scale: this could help stimutate public awareness of and interest in

Bsinge this environmentally friendly waste air treatment technique.

[}
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1.5 Research Scope
1.5.1 The biofilter media to be studied are agricultural by-products, peanut shells and palm

shells mixed with the activated sludge from a wastewater treatment plant,
1.5.2 The VOCs to be studied are methanol and toluene as they are the most commonly used
VOCs. Methanol is a hydrophilic VOC while toluene is a hydrophobic VOC. The biofilter systems

are used for study of removal of pure toluene, pure methanol and mixtures of toluenc and

methanol.

R



Chapter 2

Materials and Methods

21 VOCs

As explained in the previous chapter, the VOCs selected for study in this project are methanol
and toluene. These are commonly produced VOCs in many industries and processes. Methanol is
used as a representative of hydrophilic VOCs while toluene is a representative of hydrophobic
VOCs. Analytical reagent grade methanol and toluene, obtained from Lab-Scan, Ireland, were

used in this projeét.

2.2 Packing Media

As discusscct in the previous chapter, peanut shells and palm shells were sclected as the
packing media for usc in this study. This was in part because Ramirez-Léopez ct al. (2003) had
suggested that the peanut shells were a good packing media. Peanut shells are readily available in
Thailand; in 2008, the peanut-growing arca was 390 km’ (Office of Agricultural F.conomics, 2008)
and the average production was 1.66*10° kg/km2 (Department of Agricultural Extension, 2009)
over the period 2003-2007. Thus, the anpual domestic production of peanuts is estimated to be
6.47%10" ton (Office of Agriculeural Econemics, 2008; Department of Agricultural Lxtension,
2009). The shells have to be removed prior to further processing them into finished goods, hence
large amounts of peanut shelis as agricultural wastes are available. Prices vary from one area to
the next; i 2009 the local price of peanut shells was 6 baht/kg for assorted sizes. To obtain the
peanut shells used in the present study, raw peanuts were bought in the fresh producce market in
*Songkhla province, the mud was rinsed off using tap water. and the nuts were manually shelled to

get the peanut shells.

oy

In 2008, pahn oil plantations in Thailand covered an area of 5797 ki (Office of Agricultural
Economics. 2008) and produced, on average. 1.1 7*1()? ton {Suratthant O1l Palim Rescarch Center.
2009). The cost of palm shells varies from place to place but is generally around 1.5-2 baht/kg for

assorted sizes.

Ll
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The costs of peanut shells and palm shells are much less than those for ﬁore conventional
packing media such as suitably sized granular activated carbon, which costs up to 70 baht’kg in
Thailand. In biofilters, the cost of bed media is a major component of the overall capital cost;
therefore the low prices of peanut and palm shells make them much more attractive as packing
media than activated carbon. It should be noted that, although peanut shells and palm shells are
both locally available materials, their centers of production are different. Peanut shells are most
easily available in the north and northeast of Thailand while the palm shells are found only in the
south. Hence the location of VOC-producing industries will also affect decisions on which of the

above wastes will be preferred as packing media.

2.3 Biofilter Apparatus

Six separate .identical bench-scale biofilters made of acrylic were used to treat air
contaminated with methanol, toluene, or mixtures of both. Each biofilter column had an internal
diameter of 0.08 m and a height of 1.2 m. As shown m Figures 2-1 and 2-2, each biofilter
consisted of 5 ﬂz;mged sections connected in series, namely the column base, three identical
segments (with a height of 0.29 m) packed with media and microorganisms, and a top section.
Adjacent secti(;ns were separated by a sieve plate with a diameter of 8.0 ¢cm and a hole diameter of
0.5 cm fixed by 8 screws. O-rings were used to prevent air leaks through the flanged joints. The
structure of the biofilter is described in Figurc 2-1 and the function of each component 1s given in
Figure 2-2. The base of the column served as a reservoir for water, nutrients and t')iomassg it was
also where VOC laden air was introduced. A peristaltic pump (Masterflex consele drive Ne.7520-
47, Cole-Parmer Instrument Company, USA) was used to ehiminate liquid from this section all the
time. The second, third and fourth sections were packed with media to a height of 0.22 m; it was
here that biodegradation of the VOCs took place. Each biodegradation section had 4 ports for: gas
and media sampling to investigate the physical characteristics of media; measurement of pH,

-

temperature, relative humidity and VOC concentration; and also for addition of water to prevent
d{yi:}g out of the packing media. The top section, with a height of 0.11 m, was used primarily for
I;Jtricnt and water addition. This top scction was.providcd with a bufter layer of packing material
with a height of 0.050 m to slow down the water flow rate into section 4 and to achieve betier

walter distribution across the column cross-section.



2.4 Nutrient Solution

Nutrient solution was periodically distributed over the bed upper-surface to maintain bed
moisture content at a suitable level and to provide those nutrients necessary for the growth of
microorganisms present in the biofilter. The composition of the nutrient solution is shown in Table

2-1 (Aizpuru et al., 2003b; Auria et al., 2000; Kim et al., 2007).

Table 2-1 Composition of one liter of the nutrient solution.

Compounds Amount
KH,PO, 091¢g
Na,HPO,.12H,0 23%¢g
KNO, 296 ¢
{NH,),50, 197 ¢
NaHCO, 1.5¢
FeSO,.7H,0 0.2 mg
MgSO,.7TH,0 2 mg

Mn3S0O,.H,0 0.88 mg
Na,MoO, .2H,0 I mg
CaCl, 3mg
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Figure 2-1 The structure of the biefilter cotumn.
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Figure 2-2 The function of cach part in the biofilter column.
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2.5 Methodology
2.5.1 Preparation of Packing Media

Activated sludge was obtained from Man A Frozen Food Co., Ltd., which is a sea food
manufacturing plant in Songkhla provi-nce. It was fed with the relevant VOC for 3 days in the ratio
of VOC/nutrients/activated sludge 0.001/0.2/6.5 v/v/v. The peanut shells or palm shells, in the size
range of 0.5-1 cm, were immersed in activated sludge in a ratio of 1:2 v/v (Aizpuru et al., 2002)
for 24 hours to become saturated, so that further particle swelling in the biofilter was avoided
(Delhoménie et al., 2002a). After that, these packing media were shaken to remove excess
activated sludge and then transferred into the relevant column(s). The excess water was eliminated
using the peristaltic pump.

Initially, the packing media just looked wet. However. the biofilm gradually developed

and after 2 or 3 weeks the packing media looked more like jelly, as shown in Figure 2-3.

Figure 2-3 Packing media, peanut shells (left) and palm shells (right) in the biofilter column.

2.5.2 Control of VOC Concentration and Humidity
Figure 2-4 shows a diagram of the experimental set up. The synthetic VOC- containing
waste gas stream fed to the biofilter was produced by mixing two different air streams from a

compressor, onc passing through 4 humidifiers in series to raise the relative humidity above 90%



(Prado et al., 2005) and the other passing through an impinger bottle contéining pure VOC (Figure
2-5a). Each humidifier was made of a PVC pipe with an internal diameter of 0.037 m and a height
of 0.540 m. The humidificrs were filled with water to a height of 0.450 m. The impinger bottle had
an internal diameter of 0.053 m and a height of 0.2 m (VN Labglass, Thailand). The impinger
bottle was filled with VOC to a height of 0.010 m.The concentration of VOC in the air entering
the biofilter was varicd by using rotameters {Cole-Parmer Instrument Company, USA or Omega
Engineering, Inc.) to modify the flow rates of air passing through the humidifiers and. the impinger
bottle. In the case where a mixture of VOCs was used, 2 impinger bottles wére employed, one
containing methanol and the other containing toluene (Figure 2-5b). The air streams were mixcd

using a three-way mixing valve (Figure 2-6) before being introduced into a biofilter.

Nutrient's solution port

3 P
~ ]
. Biofijter
T\kw
T Madia sampling port
Flow.meter 2 T—*-m::;‘:ﬁ?.. pling p
. =T | and gas sampling port
[z e
]
1 R
3-ways mixing Manometer
& S
Inlet port o

e Excess nutrieats sokution removal
Humidifier and inlet pressure port

Compressor

Figure 2-4 Experimental set up.
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Figure 2-5 Iumidifiers and impinger bottles used in pure VOC system (a) and mixed VOCs

-

system (b).

Figure 2-6 Three-way mixing.

2.5.3 Biofilter Operating Conditions

The synthetic waste air stream was introduced at the base of the biofilter and flowed
upwards, leaving at the top. Figure 2-7 shows the mixed VOCs biofilter system. The biofilters

were operated continuously for 267 days for pure methanol systems and mixed systems, and for

40



214 days for pure toluene systems. During experiments the biofilters were subjected to a series of
step load changes. The VOC concentrations and contaminated air feed rates were increased
stepwise, so that the mass loading changeq proportionally.

The experimental programs were sphit into 9 successive stages, A to I; the operating
conditions during these stages are summarized in Table 3-2. Stage A was a start up period, during
which microorganisms adapted themselves to the conditions in the biofilter systems. After
reaching steady state, indicated by the VOC removal efficiencies reaching a constant value, the
impact of changes in VOC concentrations and air flow rates on removat efﬁc‘iency and elimination
capacity was investigated in stages B (flow rate 0.1 m’/h), C (flow rate 0.2 m’/h) and D (flow rate
0.3 m/h). However, it was observed that the microorganisms still needed more time for their
adaptation. This becamc apparent from the removal efficiencies, which were showing no
dependence on i;llct VOC concentrations, and the appearance of the biofilm, which looked very
dry. Therefore, stage E {Initial}, with a lower air flow ratc of 0.06 m3/h, was operated as a
reacclimation period. After that, the air flow rates were gradually increased from stages E ({low
rate 0.06 m'/h), ¥ (flow rate 0.1 m”/h), G (flow rate 0.15 m'/h), H (flow rate 0.2 m/h) to I (flow
rate 0.3 m'/h). I} each stage, the VOC concentrations were varied from 1 to 9 g/m’s. At the end of

the experiment, the impact of a series of shock loadings was also studied.
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Figure 2-7 The mixed VOCs biofilter system.

Table 2-2 Summary ot operating conditions for the biofilter systems.

Experiments Purpose Conditions
A Start up period C,=1 o/m’
Q=0.1m"h
. IL=23.82 g/m’/h

Operation time = until steady

EBRT = 1515




Experiments

Purpose

Conditions

B

Response to increasing

contaminant loading rate

C.= 19 g/m'*

Q=0.1 m

IL = 23.82-214.35 g/m’h
Operation time = until steady

EBRT=1518

Response to increasing

contaminant loading rate

C.=19gm™*

Q=02m

IL — 47.63-428.70 g/m’/h
Operation time = until stcady

EBRT =763

Response to increasing

contaminant loading rate

C,=19 g/m'*

Q=03m’h

IL = 71.45-643.10 ¢/m’/h
Operation time = untii steady

EBRT =3045

E (Initial)

Reacclimation

C.=1 g/m3
Q= 0.06 m’/h

IL = 14.29 g/m /h

Operation time = 4-14 days until stcady

EBRT = 2528

Response to increasing

contaminant loading rate

C,=1-9 g/m’™*

lo=006mm

IL - 14.29-128.61 g/m /h
Operation time = 20 days

EBRT = 2528
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Experiments Purpose Conditions
F Response to increasing C, =19 g/mB*
contaminant loading rate Q=0.1 m’/h
IL - 23.82-214.35 g/m’/h
Operation time = 20 days
EBRT = 1518
| G Response to increasing C=19 g/ms*
contaminant loading rate Q=0.15 m'/h
IL=35.73-321.52 g/m’/h
Operation time = 20 days
EBRT=1018
H Response to increasing C=19 g/mj*
contaminant loading rate Q=02 m'/h
IL = 47.63-428.70 g/m /h
. Operation time = 20 days
) EBRT =76 S
I Response to increasing Cc =19 g/ml*
contaminant loading rate Q=03 m’/h
IL = 71.45-643.1 g/m’/h
Operation time = 20 days
. EBRT =508
Shock loading | Response to increasing C =1-10 g/m'*
contaminant toading rate and air Q~=10.06-0.3 m’/h
flow rate in the pertod of shock IL = 14.29-643.1 g/rn}/h
. loading (random) Operation time = 30 days

EBRT =252-305

. . SN
* 3 increasing steps: -3, 3-6. and 6-9 ghn’ for methanol

(.1-2, 2-4, and 4-6 g.fm:’for toluene




2.5.4 Analytical Methods
2.5.4.1 Packing Material
The following physico-chemical characteristics of packing media were
measured: particle size, bulk density, specific surface area, void fraction, and pH.
2.5.4.1.1 Particle Size
The raw peanut shells were cut to the size of 0.5-1 cm (Figure 2-8a) using
scissors. The purchased raw palm shells were sorted manually to obtain a selection in the size

range of 0.5-1 cm (Figure 2-8b).

(a) (b)

-

Figure 2-8 The raw peanut shells (a) and the raw palm shells (b): size range: 0.5-1 cm.

2.5.4.1.2 Packing Density
Bulk density is calculated by determining the weight of peanut shells or
palm shells occupying a known volume. In this project peanut shells or palm shells were packed
into a 250 ml flask, and the weight of the shells determined (Ramirez-Lopez et al., 2003).
2.5.4.1.3 Void Fraction
Samples of peanut shells or palm shells (raw or taken from the biofilter
columns) were packed in a graduated cylinder up to the 500 ml mark, and then water was added
until the top of the packing material was just covered. The volume of added water was measured.
V?id fraction was calculated from Equation 2.1 (Ramirez-Lopez et al.. 2003).

-

4

o o Volume of added water
Yo Void fraction = _ (2.1
Volume occupied by peanut shells




2.5.4.1.4 BET Surface Area and BJH Pore Size Distribution
Ng et al. (2004) obsérved a decrease in the BET surface area of

activated carbon in a biofilter used to remove hydrogen sulfide (H,S). They concluded that the
biofilm formed on the external surface of thev carbon blocked many of the micropores, resulting in
a decrease in the specific surface area of the carbon and in the H,S removal efficiency. Maestre et
al. (2007) also used BET surface areas to determine packing material porosity and specific surface
area. Therefore in this project the specific surface area of the packing media was determined to
obtain information on the density of microorganisms and the stability of the packing media. It was
analyzed by BET (Brunauer, Emmet and Teller} surface area and BJH pore size distribution
(Barrett, Joyner, and Halenda) methods using the differential pressure principle. Dried peanut
shells or palm shells {(1x1mm), after drying at 100°C and 12 hours, were degassed at 120°C. Then
they were analyzed ;Jsing a COULTER SA3100 surface area analyzer. This equipment measures
the extent to which nitrogen 1s adsorbed on the sample of packing material. The transfer of
nitrogen from the gas phase to the liquid phase during adsorption creates a pressure differenttal in
the sampling tube. .

2.54.1.5 pH
. The pH value was measured by AOAC method 973.04 (Helrich,
1990a). 3 g of peanut shells or palm shells were placed in a 100 ml beaker. 50 ml H,O was added
and the shells allowed to soak for 30 min, with stirring. The pH of the mixture was then
determiqed using a pH meter {Russel RL150).

2.5.4.1.6 Nutrients in Packing Material

The organic carbon content was calculated using the relationship given

in Equation 2.2. The sample ash content was obtained by subjecting the sample to a temperature of
600°C for 5 hours by method AOAC 967.04 (Helrich, 1990a). Moisture content was obtained by

drying the sample at 105°C for 5 hours by method AOAC 930.15 (Helrich, 1990b).
-

Organic _carbon = (100 - %ashcontent — Yomoisture ) x 58% (2.2)

AR LT

Total mitrogen was obtained using the Jedalth method in AOAC 954.01, 70 (Helrich. 1990b). Total

phosphorus was determined by the spectrophotometric method {(HNO/HCIO, digestion)
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AOAC957.02 Be & 958.01, 12 (Helrich, 1990c¢). Both analyses were carried out by an exfernal
laboratory (Central Analytical Laboratory, Faculty of Natural Resources, Prince of Songkla
University).
2.5.4.1.7 SEM

A scanning electron microscope (SEM) can be used to learn about the
physical characteristics of microorganisms. Even though biofilms seem to consist of a
homogeneous layer, there is a considerable non-uniformity within them. Several groups of
microorganisms are involved in the degradation of air pollutants in biofilters, including bacteria,
actinomycetes, and fungi (Mathur and Majumder, 2008). The surface area characteristics of a
peanut shell and a palm shell and the characteristics of microorganisms on the packing media were
observed using a scanning electron microscope (JSM-5800L V, JEOL). In this study, the SEM
studies of samples of packing media were carried out by an external laboratory (Scientific
Equipment Center, Prince of Songkla University).

2.5.4.2 Internal Biofilter

-

2.5.4.2.1 Concentration

»

Gas samples were collected at the inlet and outlet ports of each

biofilter. The samples were collected in 0.01 1 evacuated glass sample bottles sealed with an

aluminum cover (Figure 2-9). When a sample was taken the sample bottle was connected to the

“inlet or outlet port for 5 minutes via a hypodermic needle installed at the sampling port, as shown

in Figure 2-10.

Figure 2-9 A scaled and evacuated glass sample bottle.
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Figure 2-10 Collecting the gas sample.

Toluene and methanol concentrations in the gas samples were analyzed
by a gas chromatography unit (HP 6890, Hewlett Packard) equipped with a flame ionization

detector (FID) using a 30 meter capillary column (HP-1, crosslinked methyl siloxane). The

‘temperatures of the injection port, the oven, and the detector were maintained at 180, 50, and

200°C, respectively. Three samples of 1 ml each were taken from each sample bottle (Sun et al.,
2002) using a gas tight syringe and injected into the gas chromatograph. The calibration of
methanol and toluene concentrations can be found in Appendix A.
2.5.4.2.2 Temperature

All biofilters were operated at ambient temperature, which ranged
from 25-29°C. Bed temperature and ambient temperature were monitored via AP-104 (Sila
Research Co., Ltd., Thailand). This equipment can measure temperature in the range of -40
through 120 "C with a response time of 4 seconds and resolution 0.1 °C. The temperature port is

shown in Figure 2-2.
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2.5.4.2.3 Pressure Drop
Pressure drop was measured by a U type manometer connected
between the inlet port at the base of column and the outlet port at the top of the column. As
discussed later, at one stage in the experimental run the pressure drop across the filter bed became
very high due to excess biomass accumulation. To remove the excess biomass, the packing media
in the filter bed was taken out and put in a basin, and then, after excess biomass was adsorbed by a
cotton cloth, the packing was put back into the biofilter (Xi et al., 2006).
2.5.4.2.4 Relative Humidity
Relative humidity was monitored via an AP-104 (Sila Research Co.,
Ltd., Thailand) which can measure relative humidity over a range of 10-90% with a response time
of 4 seconds and resolution 1%. The relative humidity port is shown in Figure 2-2. Relative
humidities in this siudy were in the range of 89-91% for the inlet air contaminated with methanol
or toluenc. Water (100-200 ml) was occasionally sprayed into the top of the biofilter. through the
nutrient solution port, to control the bed moisture content and air relative humidity. At times
during the experimt-:ntal runs, the packing media in the lowcest section became dry at the axis of the
column and it prov'ed hard to raise the moisture content of these packing media to desired levels.
100-200 ml of :Jvater from the system, with added nutrients, was introduced into this section at the
gas sampling port (see Figure 2-2). This water was added not just to prevent the bed drying out but
also to wash away excess biomass.
2.5.4.2.5 pH
) For the greatest spectrum of bacterial activity, a near-neutral pH is
required. The usual pH value for packing materials is 6 to 8, although in some cases, as when
treating reduced sulfur compounds, a pH as low as 2 to 4 has been observed without important loss
of pollutant removal performance (Devinny et al., 1999). The pH test paper (DF Universal test
paper. pl 1-14) was used for checking acidity and alkalinity in the biofilter column. The pH port

is shown in Figure 2-2.
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Chapter 3

Results and Discussions

This chapter presents and discusses the performance of the experimental biofilters under a
range of operating conditions. Pressure drop variations across the biofilters, the characteristics of
the packing media, and changes in the appearance of the biofilter columns are also discussed. The

attempt to develop macrokinetic models of the biofilters is described at the end of this chapter.

3.1 The Overall Performance
The experiments were run continuously, with a series of successive step changes in inlet
loading, over 267 days for pure methanol systems and mixed systems, and 214 days for purc
toluene systems.
3.1.1 Start-Up Period
Six biofilter units were set up for the experimental component of the project. Each of
the six biofilters was filled with packing material that had previously been exposed to activated
sludge which was already partly acclimatized to the particular VOC to be studied. Biofilters M1
and M2 were filled with peanut shells and palm shells respectively; throughout the operating
pcriodfthese received gas streams containing only methanol. Biofilters Tt and T2 were filled with
peanut shells and palm shells respectively; throughout the operating period, these received gas
strcams containing only toluene. Biofilters X1 and X2 were filled with peanut shells and palm
shells respectively; during the initial part of the operating period these received gas streams
containing only methanol but after 54 days they started recclving gas streams containing a mixture
of mcthanol and toluene. A start-up period was allowed for each biofilter in order to enable the
micrgorganisms to become well established on the biofilter packings, to develop biofilm
communities adupted to cfficiently adsorb the supplied VOC from the gas passing through the
bioﬁétcr, and to biedegrade the VOCs. Since the biofilm continues to grow throughout the
operation of a biofilter. no true steady state 1s ever achieved. Hence deciding when the biofilters
were ready to be subjected to a preplanned sequence of changes in gas flow rate and VOC

concentration was. to seme degree, an arbitrary decision. For M1, M2, X1, and X2, the bioftlters
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receiving methanol, the start-up period was terminated after 23, 22, 20, and 22 days respectively.
For T1 and T2, the biofilters receiving toluene, the start-up period was terminated after 40 and 26
days respectively.
3.1.2 Main Experimental Program
3.1.2.1 Biofilters Treating a Single VOC Component
For biofilters M1, M2, T1, and T2, the first segment of the main experimental
program comprised three stages, denoted stages B, C and D, during which the gas flows to the
biofilters were successively increased from 0.1 m’/h (stage B) to 0.2 m’/h (stage C) to 0.3 m'/h
{stage D). Empty bed residence times (EBRT) for each of these stages were 151, 76, and 50
seconds respectively. Scveral step changes in VOC concentration were made during each of the
previous stages. Typical concentration ranges used were: 1-3, 3-6, and 6-9 g/m3 for methanol and
0.1-2, 2-4, and 4-6 g/m3 for toluene. It was originally intended to increasc concentrations
progressively so as to determine the limits of biofilter performance. However, measured removal
efficiencies and calculated elimination capacities often fluctuated unpredictably and it was
somctimes ncccs;sary to reduce VOC concentrations in the incoming gas. During stages C and D
pressurc drops ;hrough the biofilters began to increasc and reached levels many times those
measured at ;110 start of the experiments. These pressure drop changes appeared to be contributing
to the erratic performance of the biofilters. Therefore, stage D was terminated carly and the
biofilter columns were washed down with water to remove excess biomass. This took place on day
163 for M1 and M2 and on day 114 for T1 and T2.
The biofilters were restarted with the gas flow rate at a very low level (0.06
m fh) (stage E) and the VOC concentration also at a low level (I g/m3). The biofilters then
performed much better and their performance was monitored during a sequence of successive
increases in gas flow rate to 0.1 m’/h (stage F), 0.15 m’/h (stage G), 0.2 m'/h {stage ), and 0.3
l'msf’h (stage 1). EBRTs for cach of these stages were 15t, 101, 76, and 50 seconds respectively.
Stage [ was terminated on day 267 in the case of M1 and M2 and on day 214 in the case of T} and
;’1'2. These observations arc in good accord with those of Barona et al. (2004) who found that the
;pcrfomlance of microbial communities in biofilters soon recovered after brief periods of

starvation. During cach of the above stages, the VOC concentration was raised stepwise several
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times, as was done in earlier stages. The biofilters were then subjected to a series of random
shocks im_'olving stepwise increases and decreases in inlet VOC loading.

Details of inlet VOC concentrations, air flow rates and inlet loadings (IL = air
flow x VOC concentration /biofilter volume), Vtogether with calculated elimination capacities (EC)
and VOC removal efficiencies (RE) are presented for each of the above four biofilters in Figures
3-1 to 3-8. The EC values provide important information on the capacity the biofilter had at any
particular time to degrade the VOC being treated. The RE values provide a good indication of the
proportion of incoming VOC which is being removed at any given period of time. In each biofilter
the removal efficiency immediately after the start-up period began was close to 100%, but 1t
rapidly dropped to much lower levels. This can be explained as follows. At the start of each
experimental run it would be expected that concentrations of VOC in the biefilm would be very
low. Hence the conce:ntration difference driving VOC adsorption from the gas phase to the liquid
phase would be large, and most (but not all) of the VOC entering the biofilter would be taken up
into the biofilm. At this stage the microbial community in the biofilm would increase rapidly. As
the VOC levels in the biofilm increased the rates of VOC adsorption into the biofilm could be
expected to diminisH sharply, with the result that much of the VOC would pass through the
biofilter without being removed, and removal efficiency values would therefore drop markedly.

In the case of M1 (Figures 3-1 and 3-2), the peanut shell filled biofilter treating a
gas strcam containing methanol, the elimination capacity increased in line with the inlet loading
for the first half of stage B. The effectiveness of the biofilter microbial community af this time 1s
well illustrated by the RE values of close to 100% that were achicved over this period. Mid-way
through stage B, how;aver, the EC value stabilized and a limiting value appeared to have been
reached; this is well demonstrated by the decrease in RE va}ues as the inlet loading was increased
above the limiting EC value. In stage C the EC values behaved quite strangely, fluctuating for a
long time about a mean value somewhat less than that observed in stage B before showing an
abrul.at increase followed by a massive drop and then a further sharp increasc. Not dissimilar
behavior was observed in stage D, at which point the pressure drop in the biofilter incrcased

marIScdly (see section 3.61) and the biofilter had to be washed down to remove excess bromass.

Once this had been done the performance of the biofilter was much more consistent.
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Through stages E to G, EC values increased as inlet loads were increased, until a
maximum (limiting) value was reached, and until this limiting value was reached removal
efficiencies were high. A fairly similar pattern was followed in stages H and I, although the EC
values fluctuated a little more and the limiting EC value appeared to have fallen slightly. This may

well be attributable to the fact that the pressure drop increased markedly during these two stages.

10 100
8 20
£ 60 F
= o
Uy a4 &
2 20
0 - )
0 30 60 G0 120 150 180 210 240 270
: Time (days)

Figure 3-1 The overall performance in terms of removat cfficiency for removal of pure methanol
in the biofilter packed with peanut shells (M1): {(#) the removal cfficiency, and (O) the inlet

concentration.
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Figure 3-2 The overall performance in terms of elimination capacity for removal of pure methanol
in the biofilter packed with peanut shells (M1): ([0) the inlet load, and (4 ) the elimination

capacity.

In the case of M2 (Figures 3-3 and 3-4), the palm shell filled biofilter treating a
gas stream _containing methanol, the elimination capacity increased in line with the inlet loading
for the ﬁrs;{ balf of stages B and C. The effectiveness of the biofilter microbial community at this
time is well illustrated by the RE values of close to 100% that were achieved at the start of stage
B. Both figures show well the decrcase in RE values that occurred as the inlet loading was
increased above the limiting EC value. This system was washed down to remove excess biomass
in stage D because the RE values had dropped to below 40% and EC values were also declining.
After excess biomass removal the performance of the biofilter was- mﬁch more consistent. Through
stage E to midway through stage G, EC values increased as inlet loads were increased, until a
maximum value was reached; and until this limiting value was reached, removal efficiencics were
high. A fairly similar pattern was followed in stages H and I though the EC values tluctuated a
little more and the maximum EC value attained in each stage appearced to fall in cach successive

stage. Again this was attributed to pressure drop increases {(sce section 3.61).
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Figure 3-3 The overall performance in terms of removal efticiency for removal of pure methanol

in the biofilter. packed with palm shells (M2): (#) the removal efficiency, and () the inlet

concentration.
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Figure 3-4 The overall performance in terms of elimination capacity for removal of pure methanol

in the biofilter packed with palm shells (M2): ([J) the inlet load, and ( 4 ) the climination capacity.

In the case of T1 (Figures 3-5 and 3-6), the peanut shell filled biofilter treating a
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ras siream containing {oluene, remoeval efficiencies stayved at around Yo and EC valuces increasc
{ t g tol . Lelf tayed at 1 809 d EC val d

steadily during much of stage A. This suggests that the microbial community was adapting well o
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the toluene. fn the latter part of stage A the removal etficiencies fell shamply and the EC values

also dropped substantially. Why this occurred is not known. When. at the start of stage B, the inlet
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load was cut back, the biofilter performance stabilized and shortly afierwards EC values returned
to the maximum level attained in stage A and fluctuated about this value for the remainder of stage
B. However, RE values fell away as inlet loads were increased. With the marked reduction in 1nlet
load at the start of stage C, some improvemc;nt in RE values occurred but this was less than might
have been expected. EC values increased as inlet loads were gradually increased but they
stabilized at a level well below that achieved in stage B. As in biofilters M1 and M2, there was a
pressure drop problem (see séction 3.61) and excess biomass was washed out of the column at the
end of stage C. This did not completely overcome the pressure drop problem; the pressure drop
after washing did not fall to its original low level but it did stay reasonably stable at between 1 and
5 mmH,O for the remainder of the experimental period (stages E to I). During these 5 stages
biofilter performance was very consistent and EC values tended to increase in line with increases
in inlet load until a maximum value was reached. The maximum EC value reached increased

slightly from stage E to stage G and then stabilized.
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Figure 3-5 The overall performance in terms of removal efficiency for removal of toluene in the
biofilter packed with peanut shells (T1): (4#) the removal efficiency. and (T1) the inlet
-

concentration,
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Figure 3-6 The overall performance in terms of elimination capacity for removal of toluene in the

biofilter packed with peanut shells (T1): (0J) the inlet load, and ( 4 ) the elimination capacity.

In the case of T2 (Figures 3-7 and 3-8), the palm shell filled biofilter treating a
gas stream containing toluene, the pressure drop stayed low well into stage C and so no washing
out of biomass was done (see section 3.61). Over this period this biofilter’s performance was
similar to but rather better than that of T1. Beginning in stage C, and continuing through the
remaining stages, there was a trend of increasing pressure drop, which reached a very high value
of 230 mmH,O at the end of the experimental period. Despite the big differences between the
pressure drops in this biofilter and T1, the performance of the two biofilters was nevertheless very

similar.
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Figure 3-7 The overall performance in terms of removal efficiency for removal of pure toluene in

the biofilter packed with palm shells (T2): (#) the removal cificiency, and ([0) the iniet

concentration.
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Figure 3-8 The overall performance in terms of elimination capacity for removal of purc tolucnc

in the biofilter packed with palm shells (T2): () the inlet load, and ( 4 ) the elimination capacity.

The patterns of change followed by the EC values are quite simular for all four
biofilters although it is clear that the perfonnance of biofilters M2, T1, and T2 1s rather more
consistent than that of Mi. Paterns of behavior in biofilters filled with peanut shells are
remarkably similar to those in biofilters filled with palm shells. which means that on the basis of

VOUC degradation capacity neither has a clearcut advantage over the other. Elimimation capacities.
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expressed on a g/m3/h basis, are of a comparable magnitude for methanol and tolucne, though
somewhat greater for the former. Given that methanol 1s hydrophilic and toluene is hydrophobic,
and that methanol has a simpler structure making it easier to biodegrade than toluene. The
closeness of the EC values for the two VOCs is, to some extent, unexpected. This finding is useful
for practitioners since it means that industries that need to treat gases containing a variety of VOCs
may not have to use custom-designed biofilters for each VOC of concemn. Even though the EBRT
decreases from 252 seconds to 50 seconds as the gas flow rate is increased from 0.06 m’/h to 0.3
m'/h there seems to be no apparent effect on limiting EC values. This suggests that microbial
degradation processes rather than mass transfer processes between the gas and liquid phases are
the rate controlling step in the overall VOC removal process.
3.1.2.2_ Biofilters Treating a Mixture of Methanol and Tolucne

| For biotiiters X1 and X2, there was a period of around 30 days atter the end of
the start-up period during which the concentration of methanol in the gases enfering these
biofilters was increased stepwise several times. No toluene was added to the incoming gas at this
stage. It was evi:dent from methanol concentrations in the outlet gas streams that the biofilter
microbial communitics had acclimatized well and had developed a good capacity to degrade
methanol. For convenicnce, stage A on diagrams relating to biofilters X1 and X2 s regarded as
encompassing the entire perioed during which methanol was the only VOC fed to the biofilters.
Stage B commenced on day 54. From this point onwards both biofilters were fed with gas
containing a mixture of methanol and toluene in varying C(_)nc.cntratio_ns and proportions. The gas
flow rate was ma‘intained at 0.1 mj/h, as it had been throughout stage A, and this was left
unchanged until day 133, This was done to minimize the extent of physical changes while the
microbial cominunity became acclimatized to the methanol-toluene mixture. In stage B the
methanol concentration was kept at a moderate level for the first 20 days and then was reduced to
rfughly half of its initial value when methanol concentrations in the outlet gases started to
increase. For the next 40 days, the methano! concentration was maintained close to this level

betore being increased to comparatively high levels again towards the end of stage B.

A%

During stage B the initial toluenc concentration was set at a comparatively low

LY

value of around 0.5 g/m’. well below the concentration level that been treated cffectively by the

acelimatized toluene-consuming microbial communities in T1 and T2 during their stage B periods.



After 30 days at this concentration ievel still only around 60% of the toluene was being removed
from the mcoming gases so the concentration was reduced to around 0.1-0.2 g/mj. Removal
efficiencies then improved considerably so after a further 15 days toluene concentrations werc
brought back to the imtial level and then allowed to increase shghtly for the remainder of the stage
B period. Stage C commenced at the end of stage B. At this point the gas flow rate was increased
to 0.2 m’/h and kept at this level for 29 days. Gas phase methanol concentrations were reduced to
low levels at the start of stage C and then increased stepwise. Toluene concentrations, however,
were initially kept at roughly the same levels as they had been at the end of stage B but halfway
through stage C these were reduced by around 40%. During stage C and the latter part of stage B
both biofilters behaved strangely. This coincided with small but significant increases in pressure
drop in stage B followed by massive pressure drop increases in stage C. Therefore, the biofilter
columns were wasi“led down to remove excess biomass and to reduce the pressure drop to an
acceptably low level as it was done in the case of the other four biofilters.

Biofilters X1 and X2 were then treated in the same way as the other four
biofilters, being su:bjected to changes in gas tlow rate and VOC concentration similar to those
experienced by the other biofilters in stages E to L For convenience the same nomenclature was
retained for X1 and X2, hence there is no stage D for these two biofilters. Details of inlet VOC
concentrations, air flow rates and inlet loadings (IL = air flow raie x VOC concentration / biofilter
volume), together with calculated elimination capacities (EC) and VOC removal efficiencies (RE)
are presented for the above two biofilters in Figures 3-9 to 3-1_6. Observations rclated to methanol
removal are presented and discussed first and then the observations relating to toluenc removal are
described. In both X1 and X2 removal efficiencies at the very start of the experimental run
followed a similar pattern to that observed i the other biofilters, and for the same reasons.

3.1.2.2.1 Methanol Removal in X1

In the case of X1 (Figure 3-9 and 3-10), the biofilter filled with
-
peanut shells, ehimination capacity (EC) values {or methanol were low initially but increased in

line with increases in inlet loading over the course of stage A. Thig behavior s simiar to that

shewn by M1 at an cquivalent stage. The introduction of toluenc into the inlet gas stream had no
noticeable effect on the methanol removal capabilities of the biofilter and. as shown in Figure 3-

10, for the first hall’ of stage B the methanol removal efficiencies remained very good. About
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midway through stage B, however, the EC and RE values for methanol fell abruptly, for no
discernible reason. They then fluctuated widely for the rest of stage B and during stage C. Though
pressure drops were very smali at the time of the initial fall in EC and RE values, shortly
afterwards the pressure drop through biofilter X1 started to increase and during stage C it reached
very high levels. Therefore, as was done in other biofilters, X1 was washed down to remove
excess biomass and restarted.

Through stage E to midway through stage 1, this biofilter performed
very much more consistently as far as methanol removal was concerned, with elimination
capacities increasing with increasing inlet load and comparatively high removal efficiencies being
maintained. The peak EC value attained in each stage increased steadily through stages E to H and
the maximum EC value achieved in the experimental run was reached in stage H. Towards the
middle of stage i, the performance of the biofilter as far as methanol removal was concerned fell
away sharply. As discussed n section 3.61, the pressure drop had by this point built up to a high
tevel again and this drop off in biofilter performance is attributed to a build-up of biomass in the
biofilter column;. This build-up had started in stage G but appeared to have only limited impact
during stages G and H. It seems likely that the build-up did not occur uniformly through the
column, star{ing near the base and slowly working its way upwards. If thas is correct then it would
be expected that efficient removal of methanol might still be occurring in the upper parts of the
column when the lower section of the column was quite heavily clogged with biomass. Figure 3-
27e) shows that during stages H and 1 the ratios of the EC values for the two upper sections of
biofilter X1 increased as a proportion of the EC values for the lowest section, which provides

support for this idea.
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Figure 3-9 The overall performance in terms of rernoval efficiency for the removal of methanol in
a mixture of methanol and toluene in the biofilter packed with peanut shells (X1): (®) the

removal efficicncjf. and ([1) the inlet concentration.
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Figure 3-10 The overall performance in terms of elimination capacity for the removal of methanol
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in a mixture of methanol and toluene in the biofiller packed with peanut shells (X1): (OJ) the inlet
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3.1.2.2.2 Toluene Removal in X1

Initial elimination capacity values for tolucne were very low
compared with those m biofilter T1 (Figurps 3-11 and 3-12). This was expected as some time
would obviocusly be needed for the community of microerganisms in the biofilm to develop the
capability to degrade toluene effectively. However, it is evident from Figures 3-15 and 3-16 that
no significant improvement in toluene removal effectiveness occurred. Between days 70 and 90
there was an encouraging upward trend in EC values but this was not sustained. Low RE values
were observed except at the lowest inlet load values so it was felt to be inappropriate to increase
gas phase toluene concentrations to anywhere near those used for T1. In stage C, when the
pressure drop increased markedly (as discussed above} EC and RE values tluctuated wildly. After
the biofilter column had been washed down to remove excess biomass the EC and RE values were
much more stable 5ut still the maximum EC values achieved remained very much lower than
those attained in single-component systems. It is quite evident that the microorganism community
was unable to develop an cffective toluene-degrading community. Also of interest 1s that EC
values for tolucnc ;'cmoval were already starting to decline towards the end of stage G, when
pressure drops had 'again started 1o rise, and this decline continued through stages H and 1. This
suggests that the toluene-degrading organisms present might well have been concentrated 1n the
lowest scction of the biofilter. As will be discussed in more detail later, it would appear that it is
very difficult for an effective toluenc-degrading community to become established in a biofilm

dominated by methanol-degrading organisms.
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Figure 3-11 The overall performance in terms of removal efficiency for the removal of toluene in
a mixture of methanol and toluene in the biofilter packed with peanut shells (X1): (#) the

removal efficiency, and ([O) the inlet concentration.
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Figure 3-12 The overall performance in terms of elimination capacity for the removal of toluene
in a mixture of methanol and tolucne in the biofilter packed with peanut shells (X1): (IJ) the inlet

load, and ( # ) the elimination capacity.
-

3.1.2.2.3 Methanol Removal in X2

fa B R TN

In the case of X2 (Figures 3-13 and 3-14), the biofilter filled with
palm shells. elimination capacity (EC) values for methanol were low mitially but increased and

{luctuated in line with increases in inlet loading over the course of stage A and at the beginning of
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stage B. An acclimatization period of 22 days was allowed after toluenc additions to the system
began. During and after this period, the behavior of X2 as far as methanol removal was concerned
was consistent with that shown by X1 at an equivalent stage. The mtroduction of toluene into the
inlet gas stream had no noticeable effect on the methanol removal capabilities of the biofilter and,
as shown in both figures, from stage B to the first half of stage C, the methanol removal
efficiencies remained very good. In the second half of stage C, the EC fell sharply and fluctuated.
At the same time, pressure drops gradually increased (see section 3.61) up to very high levels.
Therefore, as was done in other biofilters, X2 was washed down to remove excess biomass and
restarted. Through stage E to midway through stage 1 this biofilter performed very much more
consistently as far as methanol removal was concerned, with elimination capacities increasing
with increasing inlet load and comparatively high removal efficiencies being mamtained. Towards
the middle of stt;igcs G, H, and 1, the performance of the biofilter as far as methanol removal was
concerned fell away sharply when the inlet concentration was raised to 6-9 g/ms and the pressure

drop reached & mmIL,0.
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®Figure 3-13 The overall performance in terms of removal cfficiency for the removal of methanoi

in a mixturc of methanol and toluene in the biofilter packed with palm shells (X2): (9 ) the

e

removal efficiency, and (0) the inlet conceniration.
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Figure 3-14 The overall performance in terms of elimination capacity for the removal of methanol

in a mixturc of methanol and toluene in the biofilter packed with palm shells (X2): (L) the inlet

load, and { 4 ) the elimination capacity.

3.1.2.2.4 Toluene Removal in X2

Initial elimination capacity values for toluene in Figures 3-15 and 3-
16 were very 10\;\{ compared with those in biofilter T2. This was cxpected as some time would
obviously be necded for the community of microorganisms in the biofilm to develop the capability
to degrade toluene effectively. Halfway through stage C, the RE was reduced to less than 60% at
the same time that the pressure drop rose to 62 mm H,0. After the biofilter column had been
washed down to remove excess biomass the EC and RE values were much more stable but still the
maximuin EC values achieved remained very much lower than those attained in single-component
systems. Quite cvidently the microorganisxﬁ community was unable to develop an cffective
toluene-degrading community. These results confirmed what was observed in X1, namely that
although toluene had been present in the inlet gases for a long time, in a biofilm with a well-

estafplished community of methancl-degrading organisms it could not compete with the methanol

as a carbon resource for microorganisms.
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Figure 3-15 The overall performance in terms of removal efficiency for the removal of toluene in

a mixture of methanol and toluene in the biofilter packed with palm shells (X2): (4 ) the removal

efficiency, and {[J) the inlet concentration.
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Figure 3-16 The overall performance in terms of climination capacity for the removal of toluenc
in a mixture of methanol and toluene in the biofilter packed with palm shells (X2): () the inlet

l:)ad, and ( # } the elimination capacity.

3.1.3 Random Shock Loading Period

o R T T

One of the major practical problems associated with waste gas treatment 1s that the
industrial processes generating the waste gas often operate intermittently. This leads to sudden

fluctuations in both the gas flow rate and also the VOC concentration (Rene et al.. 2005). The
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effect of exposing the laboratory scale biofilters to such random changes was therefore
investigated. At the end of the main experimental runs, which lasted 267 days for M1 and M2, and
214 days for T1 and T2, each of these four biofilters was subjected to a serics of stepwise changes
in inlet loading; these changes were m';ade every three days over a period of 30 days and involved
changes to both the gas flow rate and the VOC concentration. Details of air flow rates, inlet
foading and calculated elimination capacity values are shown for the above biofilters in Figures 3-
17 to 3-20. Also shown on the Figure for each biofilter is the highest EC (EC_, ) value recorded
during the main experimental run. In all cases the EC values measured during the shock loading
period were much lower than corresponding EC__ values and appeared to have a slight overall
downward trend. Therc was a slight tendency for EC values to rise when inlet loadings rose and to
fall when inlet loadings were reduced, but the magnitude of these changes was relatively small.
There were nc; obvious differences between the EC value plots for M1 and M2 or between the EC
value plots for T1 and T2. This suggests that the nature of the packing media was not responsible
for the comparatively poor performance of the biofilters over the shock loading period. No
dependence of EC value on air flow rate was discernible, which suggests that rates of VOC
removal and “degradation were being controlled by processes within the biofilm. A possible
cxplanatio'ﬁ for the above observations is that a high level of biomass accumulation had occurred

in the biofilters, which would limit the area of active biofilm and reduce overall VOC

.bioconversion levels considerably. Certainly pressure drops were high to very high in each of the

four biofilters at the end of the main experimental runs (see section 3.61} and no wash down of the
biofilter columns was undertaken prior to the random shock loading experiments. It 15 also
possible that the low EC values are partly duc to the impact of the sudden load changes on the
microorganisms. However, no such behavior was evident when stepwise changes in inlet loading
were made during stages E to G when pressure drops were low. These results make clear how

important it is to prevent excess biomass accumulation in the biofilters.
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Figure 3-17 The.overall performance for the removal of methanol in the biofilter packed with

peanut shells (M1) during the shock foading period: (£1) the inlet load, and ( #) the climination
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Figure 3-19 The overall performance for the removal of methanol in the biofilter packed with

palm shells (M2) during the shock loading period: (L1} the intet load, and { 4 ) the elimination

capacity.
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Fi®ure 3-20 The overall performance for the removal of toluene in the biofilter packed with palm

shells (T2) during the shock loading period: (£1) the inlet load. and ( # ) the elimination capacity.
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3.2 Influence of the Choice of Packing Media on Biofilter Performance

Conclusions can be drawn about the comparative efficiencies of the chosen packing media by
using Figures 3-21 and 3-22. By comparing methanol removal performance of biofilters with
peanut shells or palm shells and toluene removal performance of biofilters with peanut shells or
palm shells, it can be seen that the efficiencies obtained in the peanut shell and palm shell systems
arc quite similar. Hence the choice of one packing media over another should depend on local

availability and cost efficiency of the materials.
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Figure 3-21 The overall performance in terms of elimination capacity for removal ol pure
methanol in the biofilter packed with peanut shells (M1): {03) the inlet concentration, and (A) the
elimination capacity in the biofilter packed with palm shells (M2): (M) the inlet concentration, and

( #) the elimination capacity.
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Figure 3-22 The overall performance in terms of elimination capacity for removal of pure toluenc
in the biofilter | packed with pearnt shells (T1): {{J) the inlet concentration, and (A) the
elimination capacity in the biofilter packed with palm shells (T2): (™) the inlet concentration. and
{ ) the climination capacity.
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33 Comparism; of YVOC Removals in Pure Component and Mixed Systems
It is of considerable practical interest to know how removal rates achievable for a particular
VOC in a single component biofilter system are affected when another VOC is introduced into the
gas to be treated. The removal rates achieved in the experimental biofilters receiving a mix of
toluene and methanol are compared betow with removal rates obtained in biofilters receiving gas
flows containing a single VOC component.
3.3.1 Methanol
EC values achieved for methanol in M1 and. X1, both of which used peanut shells as
packing media, are shown for the stage F to stage | segment of the experimental program in Figure
3-23. This Figure shows that the air flow rate and inlet methanol concentration changes followed

an identical pattern in both biofilters. Figure 3-23 also shows that the EC valucs for methano! in

both the single component system (M 1) and the mixed system (X1} are very similar,
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Figure 3-23 Comparison of overall performance of the biofilter packed with peanut shells for the
removal of methanol from the pure system (M]): ( ®) Inlet concentration, and (M) the elimination
capacity, and fmm the mixed system (X1): (X} inlet concentration, and (/) the elimination

capacity.

Figure 3-24 is similar to Figure 3-23 except that it shows the EC values obtained for
methanol in biofilters M2 and X2, for which palm shells were used as packing media. Tt can be
seen again that the-air flow rate and inlet methanol concentration changes followed an identical
pattern in both biofilters. In addition, the EC values for methanol in both the single component
system (M2) and the mixed system (X2) arc also very similar. The closeness of the EC values for
single component and mixed systems in both the above cases show that the addition of toluene to
the incoming gas has not affected the capacity of the biofilters to remove and degrade methanol.

This is true for both of the packing media used.
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Figure 3-24 Comparison of overall performance of the biofilter packed with palm shells for the
removal of methangl from the pure system (M2): ( ® ) Inlet concentration, and (M) the climination
capacity, and front the mixed systems (X2): (X) inlet concentration, and (A} the climination

Ee

capacity.

3.3.2 Toluene

Plots corresponding to Figures 3-23 and 3-24 but showing toluenc climination capacities
in single component and mixed systems are presen‘tccl- in Figures 3-25 (T1 and X1} and 3-26 (12
and X2). In both t}{cse cases no direct comparisons of EC values are possible since the mixed
systems were only able to handle toluenc inlet foadings well below those treated eftectively in the
single component systems. The EC values obtained for toluene in the mixed system are well below
thosc obtained in a previous investigation in which a different start-up procedure was used. as wili

-

be discussed later (Nitipavachon, 2005). It can be inferred from this that the toluene-degrading

microorganisms found it very hard to establish an effective presence in a biofilm dominated by an

r

achivc cominunity of methanol degrading organisms. This suggests that where mixtures of VOCs
are cxpecled in waste gas streams the microbial community should be exposed to all the expected

VOCs from the beginning, There is evidently much still o be learnt about interactions between
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microorganisms responsible for degrading different VOCs and this could be a fruitful area for

further research.
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Figure 3-25 d)mparison of overall performance of the biofilter packed with peanut shells for the
removal of toluene from the pure system (T1): ( 4 ) Inlet concentration, and (M) the elimination

capacity, and from the mixed systems (X1): (X) inlet concentration, and (/\) the climination

capacity.
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Figure 3-26 Comparison of overall performance ot the biofilter packed with palm shells for the
removal of toluepe from the pure system (T2): ( 4 ) Inlet concentration, and (™) the elimination

-

capacity, and the‘mixed systems {X2): { X) inlet concentration, and (£\) the elimination capacity.
3.4 Removal Capabilities of Individual Bed Scctions

As described in chapter 2, each biofilter column comprised five sections, an inlet section, and
th;ee central sections cach containing a 20 cm depth of packing, and an outlet section. During the
experimental runs, gas phase VOC concentrations werc regularly measured not only at the inlet
and outlet but alsé at the top of the first and second bed sections. This enables EC values for cach
of the three sections of each biofilter bed to be determined. EC values would be expected to be
greatest in the first or lowest section since gas phase VOC concentrations would be highest here,
diminishing as the gas moves upwards through the bed (Prado et al.. 2005). This should result in
migher rates of VOC transter into the biofilm, higher VOC concentrations in the biofilm and a
more active microbial community (Torkian et al., 2003). Figure 3-27 shows mcthanol and toluenc
;EC values for cach of the three sections of each biofilter. From Figure 3-27 it 1s evident that, as
{\vould be expected. LC values are generally greatest in the Jowest or first seetion and decrcase as

one moves lurther upwards through the biohilter.
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Figure 3-27 Comparison of overall performances of the biofiters packed with a)
the removal of methanol in the pure system (M1). b) palm shells for the removal of methanol in

the pure systems (M2), ¢) peanut shells for the removal of toluene in the pure system (1), dj
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palm shells for the removal of toluene in the pure system (T2), e) peanut shells for the removal of
methanol in the mixed system (XI), f) peanut shells for the removal of toluene in the mixaed
system (X1), g) palm shells for the removal of methanol in the mixed system (X2}, and k) palm
shells for the removal of toluene in the mix?:d system {X2) based on the inlet concentration of each

section.

- 3.5 Elimination Capacity and Inlet Load

The effectivencss of a biofilter in removing a VOC is best expressed in terms of ifs
elimination capacity (Devinny et al., 1999). For low inlet loads, the elimination capacity is equal
to the inlet load (RE = 100%) while at higher inlet loads, the elimination capacity is less than the
inlet load (RE < 100%).

Figures 3~28- through 3-30 show EC values relating to the removal of pure methanol in
biofilter M1, which was packed with peanut shell, for the three concentration ranges: 1-3 g/m}, 3-6
g/m‘;, and 6-9 g/m} respectively.  On these plots, points corresponding to cach of the five tlow
rates 0.06 m/h, Gl m'/h, 0.15 m'/h, 0.2 m’/h, and 0.3 m’/h are given different symbols Only the
information obtained during stages E through I was used in preparing these plots as it was only
dunng these sfagcs that the biofilters operated consistently well.

For all threc concentration ranges, the EC versus IL plots show a very similar pattern.
Initially, as might be expected, EC values and IL values are the same, indicating that all the
iqcomi;ng VOC is being taken up by the biofilter. However, at a fairly low inlet load the EC plot
starts to diverge from the RE = 100% line; the point where this happens is often called the eritical
elimination capacity (FC_.). This is most accurately determined from Figure 3-28, which for
biofilter M1 gives a value for EC_, of 25 gf’msfh. At high inlet loads, EC values reach a maximum
value and stabilize at this level. This is known as the maximum elimination capacity (EC,_); from

Figure 3-30, for biofilicr M1 this has a value of 198 g/mj/h.
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Figure 3-28 Inlct load and methanol elimination capacity for methanel in the single component

. . . . 3
bioftlter packed with peanut shells {M1) for the concentration range of 1-3 ¢/ m” and flow rates of

($30.06, (C1 0.1, (A)0.15, (X)) 0.2, and (®) 0.3 m ' /h.

400 -
350

300

EC (g/m/h)

— = MR

h = h = un
= = Lt [ fan]

=
)

»

. RE-100% _ —~ "
- - x -
P ik ]
| /./ . 2(”_’__,—1’ -
- /’_A’X"_’
. /_/_/D’Pa
e o
_ ./“7‘:‘
' ] : o | ' | :

0 50 100 150 200 250 300 330 400

L (g/’m}fh)

Figure 3-29 Inlet load and methanol ¢limination capacity for methanol in the single compoenent
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biofflter packed with peanut shells {M1) for the concentration range of 3-6 ¢/ m and flow rates ol
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Figure 3-30 Inlet load and methanol elimination capacity for methanol in the single component
biofilter packed with peanut shells (M1} tor the concentration range of 6-9 g/ m’ and flow rates of

(4)0.06, (L1 0.1, (A)0.15, (X)) 0.2, and (®) 0.3 m'/h.

Figures 3-31 and 3-32 confirm that there is no obvious dependence of EC on VOC
concentration or air flow rate, indicating that the rate controlling step in the overall removal
process is the microbial degradation process. The results observed for biefilters M2, T1 and T2
(these can be found in Appendix B) show trends similar to those in Figures 3-33 and 3-34. These

plots all confirm the lack of dependence of EC on air tlow rate and VOC concentration.
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Figure 3-31 Elimination capacity as a function of inlet load for biofilter M1 for the three

concentration ranges: (¢) 1-3, (m} 3-6, and (3K} 6-9 gfm}.
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Figure 3-32 Elimination capacity as a function of inlet load for biofilter M1 for the five air flow

rates: (41 0.06. ([ 0.1, (A)0.15. (X} 0.2, and (k) 0.3 m'/h.
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Average elimination capacities were determined for all biofilters for each combination of inlet
VOC concentration and air flow rate. These values are presented in Table 3.1 This table maices it
clear that the performances of the biofilters packed with palm shells are very similar to these of

the corresponding biofilters packed with pear{ut shells.

Table 3-1 The average elimination capacity (EC_ ) of pure system and mixed system biofilters for

ave:

different concentration ranges during stages E through [

Air Range EC, _in pure system (g/mafh) EC,,, in mixed system (g/m’/h)
flow of C_ Methanol Toluene Methanol Toluene
rate (¢/ m’) peanut | palm | peanut | palm | peanut | palm | peanut | palm
(m’/h)
0.06 | 1-3 [0.1-2]: 29 23 18 16 29 24 4.7 2.7
3-6 [2-4] 51 58 40 34 88 54 1.3 1.0
6-9 [4-6] 90 98 57 62 72 81 1.3 1.3
0.10 | 1-3[0.1-2], 47 46 20 28 49 52 8.6 7.5
3-6{2-4] " 94 98 58 51 92 98 44 4.6
6-9 [4:6] 119 125 83 94 147 135 10 Tt
0.15 | 1-3{0.1-2] 61 52 22 21 72 77 55 7.5
: 3-6 [2-4] 103 72 66 65 123 133 7.4 13
6-9 [4-6] . 172 173, 112 123 209 166 7.4 11
0.20 | 1-3[0.1-2] 81 73 4] 36 122 75 5.1 8.9
3-6 [2-4] 152 121 94 96 192 164 4.3 9.9
6-9 {4-6] 228 163 129 9% .| 230 168 5.2 7.2
0.30 § 1-3[0.1-2] 139 104 76 60 101 105 32 5.6
. 3-6 [2-4] 164 149 92 126 197 184 34 5.2
6-9 [4-0] 163 123 122 107 131 160 2.9 5.0

Valpe in [ ] is range of toluene inlet concentration.
£

The dependence of methanol elimination capacity on inlet load s shown in Figure 3-33 for

both the single compoenent methanol biofilters (M1 and M2) and the mixed system biofifters (X1



and X2). It is evident that the EC value plots for all four biofilters arc very similar indicating that
methanol removal is unaffected by whether the biofilters are packed with peanut shells or palm

shells, or by the absence or presence of toluene in the incoming gas.
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Figure 3-33 Methanol ¢limination capacity as a function of inlet load in both the single

component system and mixed system biofilters (M1, M2, X1 and X2).

In Figure 3-34, elimination capacities for toluene in both the single component and mixed

systems, packed with either peanut shells or palm shells, are compared. The maximum climination

capacities were 141 g toluene/m’/h and 6.6 g toluclle/rq3/11 for the singte component and mixed

system biofilters packed with peanut shells, and 133 g toluene/m';/h, and 8.8 g toluene/m’/h for the

corresponding biofifters packed with palm shells. This Figure shows that EC values were much the
-

same no matter whether peanut shells or palm shells were used as the packing material. It also
il}uslralcs very clearly the marked disparity in EC values between the single component systems

gpd the mixed systems. The scction of Figure 3-34 relating to the mixed systems 1s enlarged in

Figure 3-35. There is a suggestion from these results that the biofilter packed with peanut shells is



performing slightly better than that packed with palm shells but the scatter in the data is too large

to be certain about this.
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Figure 3-34 Toluene elimination capacity as a function of inlet load in both the single component

system and mixed s§stem brofilters (T1, T2, X1 and X2).
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Fig:ure 3-35 Tolucne elimination capacity as a function of inlet load in the mixed system biofiliers
packed with () peanut shells (X1) or () palm shells (X2). (-) is the trend line for the peanut

shells and (---) is the wend line for the palm shells.

84



The EC values obtained for mixed systems in this study are markedly different from resuits
obtained in work undertaken prior to starting the present project. In the previous work, a palm
shell packed biofilter was used to study tolucne and methano! removal from a gas containing both
these VOCs. This biofilter received a gas containing both toluene and methanol from the first day
of operation onwards. It was shown in this preliminary study that, as in the present study, the
presence of methanol in the incoming gas significantly decreased removal rates of toluene
(compared with those obtained in a biofilter receiving solely toluene) while the removal rates for
methanol were not affected by the presence of toluene (Chetpattananondh ct al., 2005). However,
in the carlier study maximum elimination capacities for toluene in thc mixed system only dropped
by half compared with those in the pure toluenc system: decreasing from [81 g/m';/h o0 90 g/’mjfh.
The results obtained in the previous study arc compared with those from the palm shell packed
biofilter in the present study in Figure 3-36.

This Figure shows that the EC plot obtained for toluene removal in a single component
biofilter in the présent study lies significantly below that obtained in the corresponding biofilter in
the previous studty. Nevertheless the EC values for equivalent inlet loads on the two plots are of
comparable n;agnitudc. However, there is a massive difference between the EC values obtained in
the mixed system biofilters from the two studies. In the present study the maximum elimination
capacity fell from 129 g/mﬂ’h to 8.8 g/mjfh, i.e. a fifteen-fold decrease. All indications are that the
difference in EC_  values between the two studies is attributable to the different start-up
procedures used. As indicated above, in the previous study the microbial community was exposed
to a mixture of methanol and toluene from day one, which should have given both methanol-
degrading organisms and those degrading toluenc an.equal chance of establishing strong and
viable colonies. In the present study, however, it would appear that toluene-degrading organisms
f(.)und it very hard to cstablish themselves in an environment dominated by a well-cstablished
community of methanot-degrading organisms. These results highlight the importance of choosing
gn appropriate start-up procedure when developing a biofilter system that will treat morc than one
R‘/'OC' component, b also shows that more research is needed into the way biotitms develop under

different conditions.
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Figure 3-36 Toluene climination capacity as a function of let load for single component and
mixed system paln:; shell biofilters used in previous work and in this study.

Values of critical and maximum elimination capacities obtained in this study are shown in
Table 3-2. The critical load or critical elimination capacity was estimated to be 25 g/m‘;/h for the
remeval of methanol in a biofilter packed with peanut shells, and 20 g/ms/h for the comresponding
palm shell system. Given the difficulty of determining exactly where the EC plot and the RE =
100% line start to diverge these values are not significantly different. Estimated critical

elimination capacities for the removal of toluene were distinctly lower, being less than 10 g/mh

for both packing materials.

N atwos
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Table 3-2 The values of the critical and maximum elimination capacities.

Study Biofilter media EC . EC
(gi’/m) | (gm'm)
This study Pure methanol systeim
- Peanut shells 25 198
- Palm shells 20 168
Pure toluene system
- Peanut shells <10 141
- Palm shells <10 133
Methanol in mixed system
- Peanui shelis 100 215
- Paim shells 50 185
Toluene in mixed system
- Peanut shells L 6.6
. - Palm shelis 2 8.8

The maximum elimination capacitics obtained in this study were comparable to the results
obtained by other rescarchers, as shown in Table 3-3. The VOCs examined in Table 3-3 were from
a-synthetic and rcal gas stream. These results indicate that, from a removal performance
standpoint, peanut shells and palm shells are as suitable for use as packing media for a high-
performance biofilter as more conventional materials. The practical value of this, for industrics in
Thailand. is that since these peanut and palm shells are both readily available and cheap. onc of

the major disincentives to installing biofilters to treat waste gases containing VOCs has been

removed.
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Table 3-3 Comparison of the maximum elimination capacity by other researchers.

Researchers Substance Packing media EC
(g/m’/h)
Prado et al. (2005) Methanol Lava rock 173
Zilli et al. (2001) Toluene Peat/glass beads 242
Delhoménte et al. (2002a) Toluene Compost based 55
Liu et al. (2002) Toluene Lava/compost/soil 50
Chetpattananondh et al. (2005) Toluene Palm shells 190
Rene et al. (2003) Toluene Compost/ceramic beads 128
Wright et. al. (2003) | Toluene Diatomaceous earth 232
Vergara-Femandez et. al. (2007) Toluene Compost/sea shells 82

3.6 The Other Pnrat-neters

The physical and chemical/biochemical processes that occur within a biofilter can be affected
not only by the winlct gas flow ratc and VOC concentration but also by changes in inlet gas
properties such as temperature and relative humidity. Changes in parameters such as pH and void
fraction within the biofilter can also influence biofilter behavior. In this section relationships
between biofilter performance {climination capacity and removal efficiency) and changes in the
above and related parameters (such as pressure drop) are examined.

3.6.1 Pressure Drop

Whilst the pressure drop in the biofilters remained comparatively low in the initial stages

of the experimental runs, marked and rapid increases in pressure drop occurred at the mid-stage of
a nu.mbcr of runs while more gradual increases occurred towards the end of most runs, as shown in
Figures 3-37 through 3-39. Such increases can be caused by increases in gas flow rate. by
accymatlation of biomass on the packing media, or by a combination of both these factors. The
prc;‘surc drop increases occurring in the middle stages of the runs were duc to biomass

accurmuiation and. as cxplained earlier, made it necessary to wash down the biofilter columns to

remove excess biomass. [n the case of biofilter 12. the palm shell filled biofilter fed with a gas
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containing toluene, the biofilter was not washed down 10 remove biomass and the pressure drop
increased to 230 mmH,0. Despite this, the trend of elimination capacity values in T2 was similar

to those of the other systems.
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Figure 3-37 The relationship betwcen air flow rate ({1) and pressure drop in the pure

methanol systems packed with { A} pcanut shells (M1) and (<>) palm shelis (M2}.
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Figure 3-38 The relationship between air flow rate (D) and pressure drop in the pure

toluene systems packed with (A) peanut shells (11} and (<>') palm shells (T2).
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Figure 3-39 The relationship between air flow rate ([} and pressure drop in the mixed

systems packed with (&) peanut shells (X1) and (<>) palm shells (X2).

Pressure drop increases are of concern to biofilter operators as they can increase considerably
the cost of pas;ing the gas through the biofilter bed. However, the extent to which they influence
biofilter behavior may be much less marked. If it is the microbial breakdown of VOC in the
biofilm that is the rate-controlling stcp in the overall VOC degradation process then changes in
pressure drop, whether caused by biomass accumulation or by an increase in a gas flow rate, are
unlikely to show any correlation with biofifter performance. However, if it is the diffusion of VOC
to the biofilm surface that is rate-controlling {which may be the case when the biofilter is
underloaded, or.in the packing materials towards the outlet end of the biofilter where gas phasc
VOC concentrations are low), then some association may be found between pressure drop changes
and overall degradation rates. This is because an. incrcase in pressure drop is likely to be
accompanied by an increase in turbulence in the gas passing through the packing materials and
this should increase diffusion rates. However, if the pressure drop increase is due to a reduction in
the void fraction within the biofilter, gas residence times may decrease, partly offsetting or more
than ofTsetting the beneficial effects of any increase in diftusion coefticients.

In order to see what insights could be gained into the processes occurring in the biofilter at

various stages in the experimental runs. plots showing how climination capacity, gas flow rate,
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inlet load and pressure drop varied over time were preparcd for each of the biofilters. These are
discussed separately below,

Figure 3-40 shows the relationships between climination capacity, inlet load, gas flow rate and
pressure drop for the biofilter (M1) containing peanut shells that was used to treat a gas flow
containing methanol as the sole VOC. Pressure drop increased quite rapidly once Stage C (0.2
m’/h) had finished and stage D (0.3 m’/h) began, getting up to 40 mmH,O before falling back to
0.5 mmI1,0 after removal of the excess biomass. At this point the air flow rate was reduced from
0.3 to 0.06 g/‘m3 to help the biomass remaining on the packing to re-acclimatize. Based on the
good EC values obtained in stages E to I this re-acclimatization occurred rapidly. In Stages E and
F the pressure drop was relatively stable at around 1 mmi,0 and was unaffected by the increase
in air flow rate between the two stages. In stage G a quite considerable increase in pressure drop
occurred but in Stages H and [ it stabilized at around 20 mmH,O, remaining unaffected by the
increase from 0.2 to 0.3 m'/h that took place between these two stages. From these observations it
does not appear that changes in pressure drop were linked to changes in flow rates. Instead 1t
seemns that the ObS?.El"VCd pressure drop increases were due to a build-up of biomass and that it was

this build-up that agdvcrsely affected the performance of the biofilter system.
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Figure 3-40 Inict load, climination ¢apacity and pressure drop for methanol removal in the pure

system packed with peanut shells (M1).
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Figure 3-41, which relates to M2, the biofilter packed with palm shells and receiving
methanol as a VOC, shows similar trends. At first sight the increases in pressure drop appear as if
they could be linked to changes in the air flow rate. However, the pattern of change in the pressure
drop plot suggests that the pressure drop increase has another cause. Pressure drops are not
constant at particular air flow rates and nor are the pressure drops at different flow rates in the
non-linear ratio that would be expected if flow rate were the dominant factor mfluencing pressure
drops.

In this biofilter, the pressure drop started increasing in stage C and then rosc rapidly in stage
D (03 msfh), reaching 70 mmH,0. This was accompanied by 2 decrease in removal efficiencies.
Vergara-Fernandez et al. (2007) suggested that pressure drop should not exceed 60 mmH,O,
therefore this and the other biofilters (with the exception of T2) were washed by passing water
froin the top section to the bottom section on day 155. The excess biomass below the beds was
mopped up with cotton woo! and removed. Afler the excess biofilm had been washed off, the
performance of the system was still poorer than before washing was carried out. This was not
unexpected as most,of the active microorganisms would have been close to the surface of the
biofilm and would :havc been washed away. To assist the microorganism conununity to re-
acclimatize, the gir flow rate was reduced to 0.06 m/h {stagc E). As in M1, re-acclimatization
appears to have been rapid and good EC values were soon being oblained. The pressure drop
remained low until the end of stage G when it again began to increase. It then rose more or less
linear{y with timc as the air flow rate increased from 0.15 to 0.3 m‘_}/h {stages G through I3. Up
until midway through Stage I methanol was still being effectively removed. even though the

pressure drop had by-then risen to 30 mmH,O. In the latter half of stage I, however, EC values

started to fall away quite rapidly, suggesting that there was once again an cxcess bicinass problem.
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Figure 3-41 Inlet load, elimination capacity and pressure drop for methanol removal in the pure

system packed with palm shells (M2).

Figures 3-42 z:,md 3-43 arc plots relating to toluene removal corresponding to the methanol
removal piots shown above. namely Figures 3-40 and 3-41. The pressure drop patterns in thesc
two plots arc n.ot only very different from those in the previous two Figures but they also differ
markedly {rom each other.

¢ Figure 3-42 shows that the pressure drop in biofilter T1 stayed very low through stages A and
B before rising abruptly in stage C. This behaviour was not that different from what was observed
in biofilters M1 and M2. However, in T1 the washing of the biofilter column failed to achieve as
great a reduction in the pressure drop as happened in the previous biofilters. Dropping the gas flow
rate from 0.2 to 0.06 m'/h brought about a significant further drop, suggesting that in this biofilter
at least there may have been some relationship between pressure drop and gas flow rate, but this is
high[y speculative. The pressure drop bottomed out in stage F and then increased slowly again in
succeeding stages but was still only at the comparatively low level of 4 mmH,0 when the main
experimental run ended.
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Figure 3-42 Inlet load, elimination capacity and pressure drop for toluene removal in the pure

system packed with peanut shells (T1).

As is shown in %igure 3-43, the pressure drop changes in biofilter T2 arc markedly different
from those in T]. Tlilis was mainly because, in the absence of a pressure drop spike in stage C, it
was decided not {0 wash down the biofilter beds as was donc with other biofilters. This meant that
when the pressure drop did start to increase significantly, as happened some time into stage C, no
steps werc taken that would causc it 1o decrease again and so it continued to climb, eventually
reaching a very high maximum of 230 imnHz(j during stage T (0.3 m /h). Rather surprisingly, and
1n contrast to what was observed clsewhere, despite the high pressure drop levels, EC valucs were
good right up until midway through stage I. As in M1 and M2 the pattern of pressure drop change

suggests that it is related to biomass accumulation rather than gas flow rate. In stages B and F, tor

example the gas flow rates are the same (0.1 m /h) but the pressure drops are vastly different.
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Figure 3-43 Inlet load, climination capacity and pressurc drop for toluene removal in the pure
system packed with palm shells (T2).

Figures 3-44 through 3-47 show plots comparable to Figures 3-40 to 3-43 but this time for the
mixed system biofiliers X1 and X2. In Figures 3-44 and 3-46 the EC values refer to methanol
while in Figureé 3-43 and 3-45 the EC values are for toluene. Figures 3-44 and 3-46 show that the
relationships between pressure drop and EC values for methanol are very sunilar tn the mixed
systems to those for the single component systems.

Because of the very poor EC values achieved for toluene in the mixed Sy.slc-ms Ao éttempt was

made to draw conclusions from Figures 3-45 and 3-47.
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Figure 3-44 Inlet load, elimination capacity and pressure drop for methanol removal in the mixed

system packed with peanut shells {X1).
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Figure 3-45 Inlct load. elimination capacity and pressure drop for toluene removal in the mixed

system packed with peanut shells (X1).
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Figure 3-46 Inlet load, elimination capacity and pressure drop for methanol removal in the mixed

system packed with palm shells (X2).
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Fizure 3-47 Inlet load. elimination capacity and pressure drop for toluene removal in the mixed

sysiemn packed with palm shells (X2).
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3.6.2 The Other Parameters (temperature, relative humidity and pH)

Both inlet gas temperature and relative humidity have the potential to affect what
happens within the biofilter. As discussed earlier, changes in temperature occur within the biofilter
because of the energy liberated during microbi‘al oxidation of the VOCs; however, these tend to be
small because the bulk of the energy released is used to provide latent heat of evaporation rather
than sensible heat. This means that the temperatures within the biofilter, which have a significant
effect on reaction rates, are largely determined by the inlet gas temperature. The relative humidity
of the incoming gas also has an effect on biofilter conditions since it affects rates of evaporation of
water from the biofilm. If the relative humidity of the inlet gas is too low, drying out of the
packing close to the gas inlet is likely to occur, effectively reducing the active biofilter volume. To
minimize problems associated with temperature and relative humidity, inlet gas from the
compressors used to é‘upply the biofilters was passed through a series of humidifiers (sce Chapter
2). Ambient air temperaturcs ranged from 24 to 31°C and the inlet gas temperatures were within
the range of 25-29°C. Ambient relative humidities ranged from 51% to 90%; after passage through
the humidifiers, they were always higher than 90%. The pH within the column was controlled and
kept in the range of 677 1n all biofilters throughout the cxperimental runs.

Figure 3-48 a) o ) shows plots, for cach of the biofilters, of ambient temperature and
temperatures at the biofilter inlet and at the end of each of the three biofilter sections; of ambient
and inlet gas relative humidity and of relative humidity at the end of each biofilter section; and of
pH. It is evident that the only parameter showing significant vanation was the ambient relative
humidity; within the biofilter very little variation was observed and it was concluded, therefore,
that the influence of th‘esc paramcters on biofilter perfoermance was minimal. It is noteworthy that

neither temperature nor relative humidity changed significantly along the biofilter.
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Figure 3-48 The measured values of temperature (T), relative humidity (RH), and pH of the

biofilter for the removal of a) methanol in the pure

in the pure system packed with palm shells, ¢) toluenc in the purc system packed with peanut
shells, d} toluene in the pure system packed with palin shells, e) methanol and toluene in the

mixed system packed with peanut shells, and f) methanol and tolucne in the mixed system packed

with palm shells. (*famb® denotes ambient conditions;

system packed with peanut shells, b} methanol

wlplc *20°, *30" and ‘807 denote conditions at bed heights of 20, 30 and 80 cm, respectively.)
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3.7 Characteristics of Packing Materials
3.7.1 Bulk Density and Void Fraction

As stated earlier, both peanut shells and palm shells used as packing matenals were
similar in size {range from 0.5 to 1.0 cm). However, the structure of both shells is very different,
which is why the raw peanut shells have a bulk density {71 kg/ms) which is much lower than that
of raw palm shells (490 kg/m3). This suggests that structurally stronger and more robust filter bed
supports would be needed if using the latter material (i.c. p.alm shell). |

The void fractions in the columns packed with two different materials also differed, 0.8
for peanut shells and 0.65 for palm shells. According to Shareefdeen and Singh {2005), media with
a high void fraction are preferred; this is because they enable more microorganisms to attach to
packing material surfaces under conditions of low shcar (Malhautier et al., 2005). Once
experiments begén and biofilms grew on the packing materials the void fractions in the columns
decreased. as did the differences between the two types of materials. As shown in Table 3-4, void
fractions measured at the end of the main experimental runs were not dissimilar for biofilters
treating the sam.e VOC or VOC mixture. The extent of the change in void fraction in these
experiments is of comparable magnitude to that observed by Delhoménie ¢t al. (2003), who
observed a decrease from 53% to 33% over a 35 day pericd in a biofilter packed with compost and
used to remove toluene. The change in void fraction appears to be mostly attributable to biomass
growth rather than to loss of structural integrity in the packing materials.

After 113 days, the packing heights in middle sections of biofilter columns had decreased
by only 0.1 cm (?riginal height 20 em}) except in the case of M1, which contained peanut shells
and was receiving a gas containinig only methanol. In this biofilter the packing material dropped
0.5 cm. These observations contrast strongly with those, of other researchers. Jin et al. (2008} point
out that some organic media, such as compost, tend to decay eastly, which leads to bed
i:ompaclion. This was the experience by Singh et al. (2006} whose experiment ran over a 50 day
period and recorded a total drop of 8 ¢cm in a 3 section biofilter column, with a total height of 70
em. packed with vellow-gram stalks, To overcome this compaction problem and extend the life of
;)rganic packing media that decay rapidly. large size inert materials such as glass beads,
polystyrene spheres and lava rocks are often added to the organic media (Jin-Ying ct al., 2003).

However, most inert media are more expensive than natural organic media {Kennes ¢t al., 2002).
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In addition, in order to obtain a uniform mix of materials they need to be carefully mixed with the
organic media, adding considerably to the complexity and cost of the media preparation step. 7.
would appear that use of inert media is unnccessary with peanut shells and palm shells, which is
encouraging since part of the aim of this project was to find cheap and easy to use biofilter media
that would assist Thai industry to find economical and effective ways to remove VOCs from waste

gases.

Table 3-4 The physical characteristics of peanut shelis and palm shells.

Characteristics Peanut shells Palm shells
Before After Before After
packing packing packing packing

Pellet size {(em) 0.5-1 0.5-1 0.5-1 0.5-1

pH 6.1 4.94

Packing density (kg/m}) 71 450

Void fraction (%]; 80 635

Methanol systc!m 48.0 44.8
Toluene sy;tem 38.0 58.7
Mixed system 422 45.4

3.72 Chemical Composition and Properties

Samples af packing materials were dried at 105°C for 5 hours to determine their moisture
contents. These analyses were carmied out by an external laboratory (Central Analytical
Laboratory, Faculty of Natural Resources, Prince of Songkla University). The moisture content of
the two packing materials was comparatively low: 6.6% for pcanut shells and 8.9% for palm
shells. It is noteworthy that this is about half that of typical cquilibrium moisture contents for
materials like wood in a climate similar to that in southern Thailand. In Table 3-5 the moisture
gontents of the dry packing materials are compared with the moisture contents of the biofilter beds
&s measured at the end of the experimental runs. Tables 3-6 and 3-7 show the clemental
composition and ash centent of peanut shells and palm shells. on a wet basis and a dry basis

respectively.




Table 3-5 The moisture content of peanut shells and palm shells (wet basis).

Moisture content (%6) Peanut shells Palm shells

Before packing | After packing | Betore packing | After packing
Raw material 7 - 9
Methanol system 74 30
Toluene system 85 50
Mixed system 83 35

Table 3-6 The elemental composition and ash content of the peanut shells and palm shells (wet

basis).

Characteristics Peanut shells Palm shells
Before After Before After
packing packing packing packing

Organic carbon (%) 52 51

Methanol systcin 14 40
Toluepe systeni 7 28
Mixed system 9 37

Total nitrogen (%) 0.8 0.4

Methanol system 0.5 0.3
Toluene system . 0.5 0.3
Mixed system 0.4 0.4
Total phosphorus (r‘ng/kg) 636 203
Mecthanol system . - 162
Toluene system 379 138
Mixed system ' 379 -
A:.h content (Y} 32 2.8
:Mclhanol system 1.3 1.2
:'[*olucnc sysiem - 1.2
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Table 3-7 The elemental composition and ash content of the peanut

shells and palm shells {dry

basis).
Characteristics Peanut shells Palm shells
Before After Before After
packing packing packing packing
Organic carbon (%) 56 56
Methanol system 13 36
Toluene system 7 25
Mixed system 8 34
Total nitrogen (%)___ 0.9 04
Methanol systemm 0.5 0.3
Tolucne system 0.5 0.3
Mixed system 0.4 0.4
Total phosphorus {Ing/kg) 680 223
Methanol systel.;l - 148
Toluene sys;em 353 125
Mixed system 352 -
Ash’content (%) 34 3.1
Methanol system . 1.2 ) 1.1
Toluene system - 1.1

The organic carbon levels are typical of those in many plant materials. The nutrient content of
the peanut shells is substantially better than that of the palm shells. This therefore gives peanut
shells a potential advantage over palm shells as both nitrogen and phosphorus are cssential
nutrients for microorganisms (Liu et al., 2002). The ash contents of the two packing matcrials are
ql_}itc similar and a good deal lower than ash contents of some other locally available agricubral

wastes such as rice hosk (16-22%). The plt of raw peanut shells, measured as described in chapter

2. was 6.1, a good deal higher than that of raw palm shells (4.9).

103




3.7.3 BET Surface Areas
BET surface areas of the packing materials were measured prior to the beginning and at
the end of the experiments; the results are shown in Table 3.8. Tests were also done to check
whether exposure of the peanut shells and‘ palm shells to the VOCs might affect BET surface

areas.

Table 3.8 The BET surface area of peanut shells and palm shelis.

Characteristics Peanut shells Palm shells
Before Afier Before After
packing packing packing packing
BET surface area (ml/g) 1.23-1.31 0.17-0.34
Methanol system (.81-1.04 0.29-0.42
Toluene system 1.29-1.64 0.31-0.64
Mixed system . 0.79-1.23 0.33-0.44

The ra;v palm shells have much lower BET surface areas than the raw peanut shells.
After 3 days immersion in methano} or toluene the following BET surface arca measurements
were obtained:

Peanut shells: for methano! 0.89 n12/g for toluene 1.17 m:/g

Palm shells: for methanol 1.46 mz/g for toluene 0.41 mzfg

In the case of palm shells an increase in BET surface areas occurred no matter which
VOC was being removed. A small increase also occurred when peanut shells were used in
experiments to remove toluene. However, in biofilters packed with peanut shells and used for
rem‘oval of methanol, whether present on its own or in a mixture with tolucne. measured BET
surface areas decreased significantly. Decreases in BET surface areas over time have been
observed for other packing materials, for example when hydrogen suifide was being removed in a
bio;'lllcr packed with activated carbon (Ng et al.. 2004). In the latter case the decrease was
attributed to biofilm developing on some of the pore surfaces in the carbon. llowever, in the

present project the decrease could alse be linked to chemical reaction of methanol with the surface

104




of the peanut shells; the BET surface area of raw peanut shells immersed in methanol for three
days was 0.89 mz/g, which is around 30% lower than the value obtained for the untreated raw
peanut shells, and this contrasts strongly with the 10% increase in BET surface area observed after
palm shells had been immersed in methanol for three days. However, packing media immersed for
three days in pure solvents experience conditions very different from those they are exposed to in
operating biofilters. Therefore the relevance of the BET changes given above to what occurs in
actual biofilter packing media remains uncertain. In the case where the packing materials were
immersed for three days in toluene rather than methanol, decreases in BET surface areas of around
8% and 69% were observed for peanut shells and palm shells respectively; this trend is opposite to
that observed in the operating biofilters {percent of decreasing of the BET surface area was based
on raw palm shells at 1.32 mzfg).
3.7.4 BJH Pere Size Distribution

BJH pore size distribution measurements were made on sample surtace areas of the
packing materials prior to the beginning and at the end of the experiments. The volumes of both
mesopores {2-30 nrf.l in size) and macropores (>350 nm in size) were measured. Figures 3-49 and 3-
50 show the mcas;rcd porc volumes of seven different pore size ranges for single component
system packing’s and mixed component system packings respectively. These measurements
provide further evidence of the different umpacts that methanol and toluene have on the peanut
shell‘and palm shell packings.

Figure 3-49 shows the relationships between pore size and pore volume for both packing
media when treating_gas streams containing methanol or toluene scparately. For palm shells there
1s an increase in both the mesopore volume and the macropore volume over the course of the
experiments using methanol and those using toluene. The increases in mesopore volume are
simifar for both VOCs but a substantially greater increase in macropore volume occurred when
usiyg toluene, For the peanut shells, however, VOC-related differences are much greater. When
experiments were conducted using methanol, small decreases in pore volume occurred across the
cngre range of pore sizes,

1 4
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Figure 3-49 The BJH pore size distributions in single VOC systems.

Figure 3-30 shows that at the end of the expenimental period both peanut shell and palm
shell packings expdsed to a mixture of methanol and tolucne showed an increase i pore volume
over all of the measured pore size ranges. This suggests that even though tolucne concentrations in
the gases that were fed to these mixed system biofilters were comparatively small, the toluene
concentrations present in the biofilm were sufficiently large to have a significant effect on the

packing surfaces.
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Figure 3-50 The BIH pore size distnbutions in mixed VOCs systems.

3.7.5 Discussion

Combiming the observations of changes in bed height, BET surface arcas and pore
volume distributions suggests that both packings are to some extent susceptible to attack by the
VOCs themselves, and possibly also by intermediates formed in the course of biodegradation
(sufch as benzoic acid in the case of toluene). In the case of palm shells, and of peanut shells
exposed to toluene, the structural integrity of the packings does not scem to be compromised to
aﬂy significant extent. With peanut shells exposed to methanol, though, the reduction in
macropore volume coupled with the 0.5 cm decrease in bed height points to a more serious level
of structural breakdown. Clearly, when using agricultural products as packing materials attention

needs to be paid to the types of VOC involved before packing materials are selected.

3.8 Biofilm Characteristics
3.8.1 Biofilm Thickness

The thickness of biofiln that built up on the packing materials at the end of the

L IR

experimental runs was measured using a vernier device. There was considerable vartation in
thickness {rem one point on the surface 1o the next point: hence a number of measurements were

taken on cach sample. The results are shown in Fable 3-9.

107



Table 3-9 Biofilm thickness measured by vernier device.

System Packing media | Section | Biofilm thickness (tnm) Average

biofilm thickness

{(mm)

Pure methanol Palm shells middle | 0.14 0.15 0.11 0.15 0.14

top 0.13 0.15 0.12 0.14 0.14

Peanut sheils middle 1 0.24 0.20 0.24 0.20 0.22

top 0.26 0.25 0.22 0.19 0.23

Pure toluene Palm shells middle | 0.15 0.16 0.14 G.11 0.14

top 0.16 0.15 0.12 0.16 0.15

Peanut shells middle 0.15 0.26 0.21 0.19 0.20

top 0.25 0.24 0.18 0.22 0.22

Mixed VOCs Palm shells middle | 0.04 0.16 0.11 0.08 0.10

top 0.14 0.15 0.17 0.13 0.15

Peanut shells middle 0.14 0.25 0.23 0.16 0.20

top 0.25 0.19 0.23 0.16 0.21

Mean biofilm thicknesses differed significantly between the two packing materials, being in

the range 0.1 to 0.15 mm (100-150 ptm) for the palm shells and 0.2 to 0.23 mm (200-230 um) for

peanut shells. These are comparable to measurements made by Pineda et al. (2000) who reported

thicknesses of biofilm ranging from 150 to 200 pm, and well within the range of biofilm

thicknesses (30-2500 pum) reported by Singh et al. (2006) in a biofilter treating gases containing

toluene. As pointed out by Deshusses (1997), the biofilm thickness is not necessarily related to

biofilter performance. In his experiments, the biofilm thickness mcreased from 80 pm on day 35

to 280 um on day 300 but no improvement in pollutant elimination occurred. During this time, the

total protein amount in the biofilter remained approximately constant, suggesting that the mass of

active microorganisms alse remained constant. Hence. it demonstrates that most of the brofilm

was made of inactive cells (Deshusses, 1997).
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3.8.2 Microbial Fauna
Changes in the microbial fauna in the biofilter columns were followed at both the
microscopic and the macroscopic levels. To learn about the various microbial species present on
the packing media a series of SEM examinations of packing material surfaces were carried out. At
the same tirne notes were kept on the appearance of the biofilters, which were photographed
regularly.
3.8.2.1 Scanning Electron Microscope Studies -

Scanning electron microscope (SEM) studies of both the raw and the used
packing materials were undertaken to obtain a better understanding of how the microbial
community in the biofilm developed and changed over the course of the experimental period.
Figure 3-51 shows SEM micrographs of the surfaces of raw peanut shcll and raw palm shell at
magnifications of 1000x, 5000x and 10000x. The surfaces of both materials contain depressions
20-40 pum across and appear sufficiently irregular to facilitate attachment of microorganisms
during biofilm formation. Samples of packing media were taken from each of the biofilter
columns on days 93 and 147 and examined using the SEM. SEM micrographs of these samples are

presented in Figures 3-52 to 3-57.).
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x10.000

Figure 3-51 The structure of palm shell a) and peanut shell b) at x1000, x5000, and x10000

magnification.
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Figure 3-52 The types of microorganisms present on the surfaces of the peanut shell packings in
biofilter M1 (pure methanol system) on day 93 a) and day 147 b) at x1000, x5000, and x10000

magnification.
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Figure 3-53 The types of microorganisms present on the surfaces of the palm shell packings in

biofilter M2 (pure methanol system) on day 93 a) and day 147 b) at x1000, x5000, and x10000

magnification.
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of the peanut shell packings in

Figure 3-54 The types of microorganisms present on the surfaces
biofilter T1 (pure toluene system) on day 39 a) and day 54 b) at x1000, x5000, and x10000

magnification.
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Figure 3-55 The_types of microorganisms present on the surfaces of the palm shell packings in

biofilter T2 (pure toluene system) on day 39 a) and day 54 b) at x1000, x5000, and x10000

magnification.
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Figure 3-56 The types of microorganisms present on the surfaces of the peanut shell packings in

biofilter X1 (mixed system) on day 93 a) and déy 147 b) at x1000, x5000, and x10000

magnification.
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Figure 3-57 The types of microorganisms present on the surfaces of the palm shell packings in

biofilter X2 (mixed system) on day 93 a) and day 147 b) at x1000, x5000, and x10000

magnification.

SEM pictures of packing media samples taken on days 93 and 147 confirm that
the surfaces were readily colonized by microorganisms. On day 93, the surfaces of packing

materials from all biofilters were dominated by rod shaped microorganisms, as shown in Figures

3-52 to 3-57 in images a. At this stage no differences related to the nature of the VOC involved

were apparent.
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By day 147 the numbers of microorganisms present on the surfaces had
increased considerably and the nature of the microbial fauna was very different. As illustrated in
Figure 3-52, 3-54, and 3-56 in images b at 5000x magnification, peanut shell surfaces appeared to
be dominated by mycelial mats, with a scattering of cocci. Fungal mycelia are known to cause
damage to peanut crops in the field (Nalim et al., 1995; Okabe and Matsumoto, 2000). Mycoflora
or fungi develop easily on the peanut shells in moist atmospheres (Hanlin, 1968; Fonseca, et al.
1994); therefore, given the moist aerobic conditions under which peanut shells exist in the
biofilters it is not surprising that fungal mats have become established on their surfaces. These
mats were present on all peanut shell surfaces, irespective of the VOC(s) to which they had been
exposed, so that they do not seem to be implicated in the changes to BET surface areas and pore
distributions experienced by peanut shells exposed to methanol. The methanol does seem to have
had an effect 6n the fungal growths, however, as the mycelial strands found on packings exposed
to methanol (images b in Figures 3-52, 3-54, and 3-56) are very much finer than those present on
the surfaces exposed only to toluene (image (b) in Figure 3-54).

. As Figures 3-53, 3-55, and 3-57 shows in image b at 5000x magnification, by
day 147 the microbial fauna on the palm shell surfaces was very different from that on the peanut
shells. He;e coccus-shaped microorganisms predominate, with only a small amount of mycelial

growth apparent. Again, the methanol appears to have an impact on the size of the organisms. As

Figure 3-53 in image b at 5000x magnification shows, on the surface exposed solely to methanol

there is only one coccus-shaped organism of the same size as those in Figure 3-56 in image b at

5000x magnification; the remaining organisms are only 20% as large, with a diameter of less than

1 pm.
3.8.2.2 Biofilter Appearance
As shown in Figures 3-58 to 3-63 it was easy to see when the packing media
had developed a good covering of biofilm. These Figures show the appearance of each of the
biofilters at an intermediate stage during the experimental runs. Also shown are samples of the

packing material from the top of the biofilters showing the extent of biofilm development.
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Figure 3-58 The appearance on day 147 of the three sections of biofilter M1 (peanut shell

packing; methanol): bottom section a), middle section b), top section ¢), and a SEM picture of a

sample from the top section d).
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Figure 3-59 The appearance on day 147 of the three sections of biofilter M2 (palm shell packing;

methanol): bottom section a), middle section b), top section ¢), and a SEM picture of a sample

from the top section d).
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Figure 3-60 The appearance on day 54 of the three sections of biofilter T1 (peanut shell packing;

toluene): bottom section a), middle section b), top section ¢), and a SEM picture of a sample from

the top section d).
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Figure 3-61 The appearance on day 54 of the three sections of biofilter T2 (palm shell packing;
toluene): bottom section a), middle section b), top section ¢), and a SEM picture of a sample from

the top section d).
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Figure 3-62 The appearance on day 147 of the three sections of biofilter X1 (peanut shell packing;
mixture of methanol and toluene): bottom section (a), middle section (b), top section (¢), and a

SEM picture of a sample from the top section (d).
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Figure 3-63 The appearance on day 147 of the three sections of biofilter X2 (palm shell packing;
toluene and methanol mixture): bottom section (a), middle section (b), top section (¢), and SEM

pictures of samples from the top section (d) and middle section (e).

Patterns of change in the biofilter columns could also be followed by visual inspection. This is

illustrated in Figures 3-64 to 3-67 taken of biofilter X1.
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Figure 3-64 White fungi in the mixed system biofilter packed with peanut shells (X1).

Figure 3-65 Green growths (probably algae) in the mixed system biofilter packed with peanut

shells (X1).
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Figure 3-66 Black fungi in the mixed system biofilter packed with peanut shells (X1).

Figure 3-67 Worms in the mixed system biofilter packed with peanut shells (X1).

Figures 3-64 and 3-65 show the appearance of segments of the lower and
middle sections of the biofilter column on day 134. The lower section appears to have developed

an exlensive white fungal mass while the green in the middle section is presumably caused by

algae.



A similar green patch was also noted in column M1 on day 180, as shown in
Figure 3-68. In both biofilters, X1 and M1, the packing media was peanut shells. By day 170 the
green on biofilter X1 had disappeared and been replaced by what appeared to be a black fungal

mass (Figure 3-66).

Figure 3-68 The algae in the pure methanol system packed with peanut shells (M1).

Then, 10 days later an infestation of what appeared to be nematode worms could
be seen on the inside of the column (Figure 3-67). These photographs emphasize the dynamic
nature of biofilters and the dangers of assuming that steady state conditions can be achieved and
maintained in thes:e systems. The appearance of fungal colonies in some of the biofilters is similar
to what was observed by Maestre et al. (2007) in a biofilter packed with pine leaves and used to
remove toluene. They described how fungi were progressively colonizing the biofilters and
becoming the predominant degrading organisms. They observed a simultancous decrease in pH in
Thc biofilters which they attributed to the production of benzoic acid, an intermediate in the
degradation pathway of toluene. Fungi arc favoured over bacteria at low pH values, which

:_Suggcsts that the pIl in some of the biofilters used in the present study may also have experienced

a drop in pH. No measurements were taken to confirm this however.
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No such obvious algal and fungal colonies were observed in other biofilters; all
those observed occurred in the peanut shell packings suggesting that despite the similar
‘elimination capacities achieved in biofilters with different packings but treating the same VOC,
the microbial fauna in both were different — which is what the SEM studies confirmed. In one
respect it was strange that the fungi were more prevalent in the peanut shell packing than in the
palm shell packing. Sun et al. (2002) showed that a moisture content of 70% in the biofilter bed
favoured bacterial growth over the growth of yeast, moulds and actinomyces. In the present study
measured moisture contents in the biofilters containing peanut shells were 74%, 85% and 83% {(for
M1, T1, and X1 respectively) whilst for the biofilters containing palm shells the corresponding
values were 30%, 50% and 35% (for M2, T2, and X2 respectively). According to the findings of
Sun et al. (2002} it should have been the palm shells rather than the peanut shells that were
colonized by fungi.

Differences in biefilm colour between columns treating different VOCs also
became apparent, as shown in Figures 3-69 to 3-71. Originally the raw peanut shells were a soft
brown in colt.)ur whilst the raw palm shells were a darker brown. However, in bath columns
treating methanol the biofilm that developed was red brown in colour whilst in the columns
treating tc;iuene the biofilm colour was blackish brown. In the systems treating a mixture of
methanol and toluene the colour was again red brown, suggesting that the methanol degrading

‘organisms were dominant, which is consistent with the very low EC values achieved for toluene in

the mixed system columns.



Figure 3-69 The color of biofilm in the pure methanol system packed with peanut shells (right)

and palm shells (left).

.
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Figure 3-70 The color of biofilm in the pure toluene system packed with peanut shells (left) and

M oyt

palm shells (right).
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Figure 3-71 The color of biofilm in the mixed system packed with peanut shells (right) and palm
shells (left).

-

3.9 Macrokinetic Models

A macrokinetic model forbears from calculating individual processes in detail and instead
treats the biofilter as “a black box™ that is influenced by the operational conditions, like substrate
concentrations, flow rates, moisture content and temperatures. The parameters needed for a
macrokinetic model are determined experimentally. Therefore, these models are also referred to as
empirical models (Streese et al., 2005).

The elimination capacity is always equal to or less than the load (Devinny et al., 1999),
therefore a model based on elimination capacity was CI;OSGI‘I for modeling biofilter performance as
a function of inlet load. Such a model would be decidedly useful to anyone setting out to design a

*biofilter. The equation of elimination capacity vs. the load curve is shown in Equation 3.1. The

underlying basis of this model is that microbially mediated VOC degradation processes follow
* Michaelis-Menten kinetics, so that in any given biofilter there is a maximum VOC degradation
rratc that can be achieved. At low inlet loads it would be expected that a first order relationship

would exist between elimination capacity and inlet load; however, as the inlet load increases, the

relationship ceases to be first order and moves progressively towards a zero-order relationship.
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Once some maximum elimination capacity value is reached, further increases in inlet load have no
further effect on the elimination capacity. Even though the bed height was kept constant during the
present project it has been included as a variable in this model so as to enhance the model’s

usefulness to those wishing to design biofilters for other purposes.
EC =qgH_ (1-¢™") G.1)

where a and b are constant values, H_, is maximum bed height (m).

ma

The empirical model predicts elimination capacity as a function of inlet load and bed height.
Implicit in this model is the assumption that degradation rates were not oxygen limited, which
seems reasonable given the relatively low VOC concentration levels used. The parameters a and b
were individuaily fitted to describe their relationship with the elimination capacity at different
inlet load. The data used in developing the model are given in Appendix C.1 and C.2. A sample
calculation showing how the relevant information was calculated is also available in this
Appendix. .

The Excel Solver tool in Microsoft Office was used in determining the constants in the model.
It employs “a quasi-Newton method and is an effective way to create a nonlinear model with
adjustable parameters {Morrison, 2005). The Solver input values were obtained from experimental
data and the adjustable parameters were the constants a and b. The Target Cell registered the
average difference between actual data and those predicted by the model. The Solver program
adjusted values of the constants a and b so as to minimize this difference. The results are presented

in Tables 3-10 and 3-11.



Table 3-10 The calculated values of the constants a and b in the elimination capacity model, for a

bed height of 0.66 m, in biofilters packed with palm shells and peanut shells and treating gases

containing a single VOC component.

Constant Methanol Toluene
Peanut Palm Peanut Palm

a 300.0 258.5 2222 2229
0.005 0.008 0.007 0.007

R’ 0.98 0.92 0.88 0.95

Table 3-11 The calculated values of the constants a and b in the elimination capacity model, for a
bed height of 0.66 m, in biofilters packed with palm shells and peanut shells and treating gases

containing a VOC mixture.

Constant Peanut Palm

Methanol Toluene Methanol Toluene
a 426.8 226 288.7 70.8
b 0.004 0.070 0.006 0.016
R’ 0.95 0.94 0.90 0.87
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The above elimination capacity model was also applied to the experimental results of other
biofilter researchers, using Excel Solver. The calculated values obtained for the constants a and b
for each study are shown in Table 3-12. As would be expected, given that this is a macrokinetic
model, the values of the constants depend on the experimental conditions and differ from one
study to the next. With only one exception, the values of R’ are high, confirming that for a given
set of biofilter conditions, the elimination capacity model fits the experimental data well. A sample
calculation showing how relevant information was used to develop the values for the constants is

provided in Appendix C.3.



Table 3-12 Results obtained when applying the elimination capacity model to other biofiltration

studies.

Researchers H_ a b R’
Prado et al. {2005} 6.44 250.5 0.012 0.94
Zhang et al. (2007) 0.33 636.3 0.004 0.90
Delhoménie et. al. (2002a) 0.99 52.8 0.032 0.81
Liu et. al. {(2002) 0.90 78.2 0.019 0.96
Torkian et al. (2003) 0.90 202.6 0.006 0.99
Chetpattananondh et al. (2005) 0.60 392.2 0.005 0.91
Rene et al. (2005) 0.70 140.6 0.011 0.94
Wright et al. (2005) 1.00 228.2 0.006 0.95
Xi et al. (2006) : 0.40 148.2 0.021 0.97
Vergara-Fernandez et. al. (2007) 0.75 534.8 0.002 0.97

Figures 3—72:thr0ugh 3-75 show comparisons between elimination capacities calculated using
the elimination Capacity model and those calculated from the experimental data obtained in this
study. The model can be used to predict the maximum elimination capacity. As shown in Table 3-
13, these predicted values were generally very close to those obtained from the EC plots presented
in.section 3. This closeness between the model prediction and the experimental data confirms the
suitability of this type of model for describing biofilter performance.

A number of experimentally derived EC values obtained when inlet loads were at their highest
lie significantly b;alow the predicted EC lines. These were all obtained at high air flow rates of 0.3
m’/h under conditions where pressure drops were particularly high, presumably due to a build-up
of excess biomass (see section 3.61). Nevertheless, because conditions within the biofilter were
always changing (since biofilters are never at a steady state) it was decided to retain these points in
-

.. . 2
the data base used to develop the elimination capacity model. Without their inclusion the R value

Jfor the model would have been even higher.
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Figure 3-72 Measured and predicted elimination capacities as a function of inlet load for biofilters
treating air flows containing methanol only: ) peanut shell (experiment), (-) peanut shell

(model), ( A) palm shell (experiment), and (---) palm shell {(model).
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Figure 3-73 Measured and predicted elimination capacities as a function of inlet load for biofilters
treating air flows containing toluene only: (0) peanut shell (experiment). (-) peanut shell (model),

( A ) palm shell {experiment), and (-~} palm shell (model).
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Figure 3-74 Measured and predicted elimination capacities of methanol as a function of inlet load
for biofilters treating air flows containing methanol and toluene: (0) peanut shell (experiment), (-)
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Table 3-13. Comparison of maximum elimination capacity values from experimental data plots

and the model.
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. Biofilter media

EC __ from trend line

EC __, from model

Pure methanol system

- Peanut shells

- Palm shells

Pure toluene system

- Peanut shells

- Palm shells

Methano!l in mixed system
- Peanut shells

- Palm shells

Toluene in mixed system
- Peanut shells

- Palm shells

198
168

141
133

215

185

6.6
8.8

195
169

137
139

222

185

11.3
14.5

—
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Chapter 4

Conclusions and Recommendations

4.1 Overall Performance
4.1.1 Biofilters Treating Gases Containing a Single VOC Component

The biofilters should be started with the gas flow rate at a very low level (0.06 m’/h)
and the VOC concentration also at a low level (1 g/ms) to acclimatize the microorganisms to the
VOC. This project has shown that biofilters containing either peénut shells or palm shells as
packing materials are effective in removing methanol or toluene from waste air streams when
these solvents are the sole VOCs in the gas stream. This was true over the entire range of gas
phase concentrations studied, namely 1-9 g/m3 for methanol and 0.1-6 g/rn3 for toluene, and over a

range of flow rates of 0.06-0.3 m’/h. Patterns of behavior in biofilters packed with peanut shells

are remarkably similar to those in biofilters packed with palm shells, which means that on the

f TR Y BT

basis of VOC :degradation capacity neither has a clearcut advantage over the other. Elimination
capacities for methanol are greater than for toluene since methanol is hydrophilic and toluene is
hydrophobic, in addition methanol has a simpler structure making it easier to biodegrade than
toluene. As would be expected, removal efficiencies (RE) were higher at low loading rates than at
iﬁgh loading rates. When the gas flow rate was kept constant, the RE decreased each time onc of a
series of stepwise increases in inlet concentration was applied. RE values were independent of
VOC concentration and gas flow rate levels, as were elimination capacity (EC} values. The
closeness of the EC values for the two VOCs is, to some extent, unexpected. This finding is useful
for practitioners since it means that industrics that need to treat gases containing a variety of VOCs
may not have to use custom-designed biofilters for each VOC of concern. Even though the EBRT
decreascs {rom 232 seconds to 30 seconds as the gas fiow rate is increased from 0.06 m'/h to 0.3
m’/h there seems o be no apparent effect on limiting EC values. This suggests that microbial
degradation processes rather than mass transfer processes between the gas and hiquid phases are

the rate controlling step in the overall VOC removal process.
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4.1.2 Biofilters Treating a Mixture of Methanol and Toluene

For biofilters treating gases containing a mixture of methanol and toluene, the EC
values for methanol were comparable to the EC values obtained in biofilters treating gases
containing methanol as the only VOC. Introducing toluene into the system had no discernible
effect on methanol treatment efficiency in either the peanut shells or palm shells biofilters.
However, the EC values for toluene in the biofilters treating gases containing a mixture of
methanol and toluene were very different from those in biofilters treating gases containing toluene
alone; the maximum elimination capacities for toluene in the mixed systems were less than 10
g/m3/h while in single component systems values as high as 133 g/mafh were recorded. It can be
inferred from these results that in the mixed system biofilters the methanol-degrading community
became so well‘ established during the initial 54 day period before toluene was introduced into the
gases being treéted that toluene-degrading organisms found it very hard to establish themselves in
the biofilm. These observations contrast strongly with those made during a previous study
{Nitipavachon, 2005) in which methanol and toluene were present together in the waste gases
from the begin;ling of the experimental period. In this latter study the extent of toluene removal
was much gre-ater, suggesting that the microorganism community that had developed in the
biofilm contained a large and viable population of toluene-degrading organisms. Together, these
observations point up the importance of the biofilm development process in determining the
treatment capabilities of the final biofilm. They also show that any VOC expected to be present in
the gases to be treated in any particular biofilter should be present in the gases supplied to the
biofilter during the biofilter start-up period. Therefore, where mixtures of VOCs are expected in
waste gas streams the microbial community should be exposed to all the expected VOCs from the
beginning.

4.1.3 Random Shock Loading Peniod

During this period the EC values observed in all 4 of the biofilters treating gases
containing a single VOC component were consistently low and independent of the nature of the
packing media involved. No discerible dependence of EC values on air flow rate or VOC
concentration was evident, implying that the rates of VOC removal and degradation were
controlled by the processes occurring within the biofilm. The very low EC values observed may

have resulted from the rapid changes of inlet loading applied during this period. However, it is
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more probable that they are due to a build-up of biomass within the biofilters that has limited the
area of gas/biofilm contact. Therefore, it is very important to prevent excess biomass accumulation

in the biofilters.

4.2 Influence of the Choice of Packing Media on Biofilter Performance

Under comparable operating conditions, the efficiencies obtained in both the peanut shell and
palm shell systems are quite similar. Hence either could be used in industrial applications and the
choice of one packing media over another should depend on local availability and cost efficiency
of the materials. For example, the low bulk density of peanut shells may well make the cost of a
peanut shell filter bed lower than that of a palm shell bed. However, peanut shells appear to

degrade more rapidly than palm shells and would need to be replaced more often than palm shells.

4.3 Comparison of VOC Removals in Pure Component and Mixed Systems
4.3.1 Methanol
Patte;“ns of change in air flow rate and inlet methano! concentration in the single
component biofilter systems (M1 and M2} and the mixed systems (X1 and X2) were very similar
and so were the observed EC values for methanol. The similaritics between the EC values of

single component systems and mixed systems show that adding the toluene into the incoming gas

rhad no effect on the capacity of these biofilters to remove and degrade methanol.

4.3.2 Toluene
No direct comparisons of EC values for toluene in single component systerns (T1 and
T2) and mixed systems (X1 and X2) are possible since the mixed systems were only able to
remove toluene at levels well below those treated effectively in the single component systems. It
can be inferred that the toluene-degrading microorganisms found it hard to establish an effective

presence in a biofilm dominated by an active community of methanol degrading organisms.

4.4 Removal Capabilitics of Individual Bed Sections
In general the extent of VOC removal diminished slightly along the biofilter, with the most
VOC being removed in the first section of the biofilter bed, where gas phase VOC concentrations

are highest, and the least in the third scction, where gas phase concentrations are lowest. This
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implies that although there was no discernible effect of gas phase concentration levels on overall

EC values, mass transfer effects do have a small effect on rates of VOC removal in biofilters.

4.5 Elimination Capacity and Inlet Load

The maximum EC values for biofilters packed with peanut shells and treating a single VOC
component system were 198 g/msfh for methanol and 141 g/mslh for toluene. The corresponding
maximum EC values for biofilters packed with palm shells were 168 g/mj/h for methanol and 133
g/mafh for toluene. The maximum EC values for biofilters treating a mixture of methanol and
toluene were 215 g/m3/h for methanol and 6.6 g/mjfh for toluene, when peanut shells were used as
the packing material, and 185 g/mjfh for methanol and 8.8 g/m3/11 for toluene when palm shells
were the packing material. The EC values for methanol, and for toluene in a single VOC
component system, ar¢ comparable with those obtained by other researchers in biofilters using
more conventional packing materials. Hence both peanut shells and palm shells are suitable for
use as packing media for a high performance biofilter, and since both are easily obtainable and
cost effective’:in Thailand (cost of peanut shell is 7 Baht/kg {Tong Garden Co., Ltd., 2009}); cost of
palm shells is-6 Baht/kg (Suratthani Qil Palm Research Center, 2009) they appear to be well suited
for use bwy Thai industries emitting substantial quantities of VOCs, such as paper and pulp

industries and color industries.

4.6 The Other Parameters
4.6.1 Pressure Drop

The experiments demonstrated the importance of controlling pressure drop during
biofilter operation. Major pressure drop increases occurred at the mid-stage of a number of runs
due to biomass accumulation while more gradual increases occurred towards the end of most runs.
Such increases can be caused by increases in gas flow rate, by accumulations of biomass on the
packing media, or by combinations of both factors. In the present project, pressure drop increases
attributable to a build-up of biomass caused a detenoration in EC values n the middle stages of
the experimental runs. In order to restore EC values to their former high levels, the columns

needed to be washed, and then the air flow rate was reduced from 0.3 to 0.06 g/m3 to help the
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biomass remaining on the packing to re-acclimatize. After this treatment a rapid return to good EC
levels was observed.
4.6.2 The Other Parameters (temperature, relative humidity and pH)

Ambient air temperatures ranged from 24 to 31°C and the inlet gas temperatures were
within the range of 25-29°C. Ambient relative humidity ranged from 51% to 90%; after passage
through the humidifiers, the humidity of gases entering the bicfilter was kept at a level higher than
90%. The pH within the column was controlled and kept in the range of 6-7 in all biofilters
throughout the experimental runs. Very little variation was observed in the values of the above
parameters within the biofilter; therefore, the influence of these parameters on biofilter

performance was minimal.

4.7 Characteristics of Packing Materials

Combining the observations of changes in bed height, BET surface areas and pore volume
distributions suggests that both packings are to some extent susceptible to attack by the VOCs
themselves, and possibly also by intermediates formed in the course of biodegradation (such as
benzoic acid in the case of toluene). In the case of palm shells, and of peanut shells exposed to
toluene, the structural integrity of the packings does not seem to be compromised to any
significant extent. With peanut shells exposed to methanol, though, the reduction in macropore
volume coupled with the 0.5 cm decrease in bed height points to a more serious level of structural
breakdown. Clearly, when using agricultural products as packing materials attention needs to be

paid on the types of VOC involved before packing materials are selected.

4.8 Biofilm Characteristics
4.8.1 Biofilm Thickness
Mean biofilm thicknesses differed significantly between the two packing materials, being
in the range 100-150 Um for the palm shells and 200~230 Lim for peanut shells.
4.8.2 Microbial Fauna
On day 93, the surfaces of packing materials from all biofilters were dominated by rod
shaped microorganisms. At this stage no differences related to the nature of the VOC involved

were apparent. By day 147 the numbers of microorganisms present on the surfaces had increased
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considerably and the nature of the microbial fauna was very different. Peanut shell surfaces
appeared to be dominated by mycelial mats, with a scattering of cocci. Mycoflora or fungi develop
casily on the peanut shells in moist atmospheres (Hanlin, 1968; Fonseca, ct al. 1994); thercfore,
given the moist aerobic conditions under which peanut shells exist in the biofilters, it is not
surprising that fungal mats became established on their surfaces. The microbial fauna on the palm

shell surfaces was very different from those on the peanut shells.

4.9 Macrokinetic Models
A macrokinetic model of the following form was used to describe the results obtained in this
project:

EC=aH_ (1-e")

This equation was found to fit well the results for individual biofilters as well as the results
obtained by other researchers.
4.10 Recommendations for Further Work

Du;"ing the course of this project a number of areas were identified where further research
should be undertaken:

4.10.1 It is evident that much remains to be learned about the way that biofilms develop on
biofilter packings and how this development is affected by the nature and gas phase concentrations
of the VOCs to which the developing biofilm is exposed. Of particular relevance to industrial
biofilter applications is the impact that excluding a VOC from the mixture of VOCs introduced
into the biofilter at start-up may have on the bjofilter’s subsequent capability to remove and
degrade that particular VOC.

4.10.2 More needs to be leamt about the microbial species composition of biofilims and how
this changes during the course of biofilm development and biofilter operation.

4.10.3 Whilst it appears that both palm shells and peanut shells can be used as packing
media in biofilters, they do undergo change while in use; in order to determine the optimum
intervals between bed replacements under various conditions, long term studies of changes in the

properties of these packings during exposure to VOCs of various kinds are needed.
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Appendix A

Calibration Curve

Calibration Curve

Calibration of the gas chromatograph for analysis of the samples was carried out as
follows. Several different known volumes of pure methanol solvent (or toluene) were injected into
1 litre sample bottles. This was done using liquid syringes inserted through the silicone rubber
septa used to seal the sample bottles. After 4 hours, the solvent had completely evaporated. By
regulating the amount of liquid solvent injected, various standard gas concentrations of methanol
(or toluene) were created. The known initial solvent concentrations were plotted against the
corresponding peak areas from the GC output to create a standard concentration curve as shown in

Figures A-1 and A-2.
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Figure A-1 Calibration curve for methanol.
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Figure A-2 Calibration curve for toluene.
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Appendix B

The Elimination Capacity and Inlet Load

The Elimination Capacity and Inlet Load
The Elimination Capacities and Inlet Loads for the biofilters M2, T1 and T2 are shown in

Figures B-1 to B-6.
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Figure B-1 Ifilet load and elimination capacity for methanal in the biofilter packed with palm

shells in the pure system (M2) at three ranges of concentration of: () 1-3, () 3-6, and (k) 6-9

g/mS.
700 pr T
'RE=100%: .-
600 s T
500 -
-2 400
g e T
5300 'EC_ =160 g/m /h!
53] T ! !
200 - A
--------------- T S N A A
100 AT x T XX x
e il
0 A : ] - :
0 100 200 300 5 400 500 600 700
IL (g/m /h}

Figure B-2 Inlet load and elimination capacity for methanol in the biofilter packed with palm
shells in the pure system {M2) at six air flow rate ranges of: (+) 0.06, (3) 0.1, (A)0.15,(X) 0.2,

and (k) 0.3 m/h.
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Figure B-3 Inlet load and elimination capacity for toluene in the biofilter packed with peanut

shells in the pure system (T1) at three ranges of concentration of: (¢)0.1-2, (») 2-4, and (k) 4-6

3
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Figure B-4 Inlet load and elimination capacity for toluene in the biofilicr packed with peanut
_ shells in the pure system (T1) at six air flow rate ranges of: (¢ 0.06, (1) 0.1, (A)0.15,(x) 0.2,

and (k) 0.3 m'/h.
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Figure B-5 Inlet load and elimination capacity for toluene in the biofilter packed with peanut

shells in the pure system (T2) at three ranges of concentration of: (€)0.1-2, (w) 2-4, and (k) 4-6
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Figure B-6 Inlet load and elimination capacity for toluene in the biofilter packed with peanut
shells in the pure system (T2) at six air flow rate ranges of: (#) 0.06, (1) 0.1, (A) 0.15.(x) 0.2,

and (k) 0.3 m'/h.



Appendix C

Models

C.1 Macrokinetic Models

The macrokinetic model was developed using the Excel Solver tool in Microsoft Office to
determine the constants in the model, The empirical model predicts elimination capacity as a
function of inlet load and bed height. The parameters a and b were individually fitted to describe

their relationship with the elimination capacity at different inlet load.
EC=aH,_ (1-e") (3.1)

where a and b are constant values, H__ is maximum bed height (m). This model is based on 8
options, such as Maximum time = 100 seconds, Precision = 0.000001, Tolerance = 5%,
Convergence = 0.0001, tangent estimates, forward derivatives, and Newton search. After setting
options in the Ex:cel Solver, Solvers parameters also modified as shown in Table C-1. Initially, the
the best values for the a and b constants are guessed by the researcher, and then the Excel Solver

will operate itself for appropriate values.

Table C-1 The Relation betwecn the Solver parameters and applied value.

Solver parameters Applied value
Set Target Cell - The average total error between EC,, . and EC__,,
Equal To Min
By Exchanging Cell a and b constants
Subject to the Consiraints EC . <=IL
-
There arc 3 equations which are calculated in this model before getting the constant values.
.
Error = (ECmmimml -EC__..) (C.1)
§= average EC _ien (C.2)
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C.2 The experimental results and calculated values in this study

In this study, 6 biofilters were operated.

(C.3)



System: The removal of pure methanol in the biofilter packed with peanut shells (M1)
The maximum bed height: 0.66 m

Packing material: Peanut shells/ activated sludge

LIELLEY

VQOC: Methanol
Table C-2 EC from experiment and model in M1.
IL. EC,rment EC, ., Error (Ecemimm& y
20.6 18.6 20.6 4.1 5986.6
383 359 36.6 0.393 3605.4
27.6 257 271 21 49383
382 358 36.5 0.478 31618.9
46.7 41.5 436 4537 2968.2
43.8 364 413 234 35449
82.8 75.1 70.7 19.1 436.5
589 529 534 0245 1858.5
1249 97.4 96.3 1.3 21
102.5 . 73.3 83.4 i01.5 5132
1184 - 933 92.7 0.328 7.2
119.2 |- 95.1 93.1 3.7 0.853
125.4 104.2 96.5 58.1 66.9
131.3 99.1 99.7 0.357 9.8
117.1 94.8 91.9 83 1.3
1492 105.1 108.6 12.6 83.1
175.0 i 1358 120.1 2442 15822
1774 114.4 121.1 45.1 3405
190.9 1213 126.4 269 639.6
208.3 133.8 132.8 1.1 14343
3685 182.8 170.2 1582 7544.6
3759 165.7 £71.3 31.8 4860.7
560.5 175.2 188.0 165.9 6269.3
613.7 190.2 190.5 0.069 8884.8
Average total error 38.1
3 913.9 59198.0

The resulis of constant values: a =300.0, b = 0.005, and R’ =0.98 where §: 96.0
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System: The removal of pure methanol in the biofilter packed with palm shells (M2)

The maximum bed height: 0.66 m

Packing material: Palm shells/ activated sludge

VOC: Methanol

Table C-3 EC frotn experiment and model in M2.

I EC, e EC_ Error (EC, i Y )
294 27.6 342 43.4 6038.4
212 19.3 25.5 38.0 7403.4
21.1 18.9 253 40.7 7464.8
276 257 324 44.6 6336.0
46.7 449 51.1 379 3652.4
43.8 354 43.4 170.8 4893.2
73.3 62.1 73.1 120.8 1872.9
82.8 74.4 79.9 30.4 960.2
R2.8 70.8 79.9 82.3 1193.4

11972 101.3 101.8 0.240 16.1
1252 105.6 104.9 0.491 0.058
112.1 88.7 98.0 86.8 278.0
117.1 94.4 100.7 39.0 118.6
149.2 128.0 1159 146.5 5126
175.0 142.8 125.6 293.7 1401.7
1774 125.3 126.5 13 399.4
150.2 105.1 116.3 12422 0.040
1514 116.0 116.8 0.705 112.8
304.4 178.8 153.8 6263 5404.5
278.1 157.7 150.1 58.0 2745.1
306.8 182.0 154.1 775.6 5875.7
300.4 157.6 153.3 18.0 2725.5
367.0 159.0 1602 1.5 2877.6
3747 171.0 160.8 103.7 4307.6
378.7 183.5 161.1 503.0 6110.7
6134 133.5 169.0 1262.4 791.6
624.5 134.8 169.1 1179.8 867.1




Ecmodc]

Error

2
(ECexperlmcm_ y )

Average total error

z

74359.4

Lo T PP

The resulis of constant values: a = 258.5, b = 0.008, R =0.92 where §= 105.3



System: The removal of pure toluene in the biofilter packed with peanut shells (T1)
The maximum bed height: 0.66 m

Packing material: Peanut shells/ activated sludge

VOC: Tolvene

Table C-4 EC from experiment and model in T1.

N g

IL EC,purunen EC, ., Error (ECqrmen” ¥ )
17.6 17.1 16.1 0.948 3662.2
14.4 13.3 134 0.002 4136.7
24.4 232 21.8 2.0 2958.8
404 345 34.4 0.032 1856.4
48.0 38.7 39.9 13 1513.1
58.8 46.7 472 0.323 959.3
87.9 66.4 64.6 31 127.0
85.8 642 63.5 0.495 180.9
82.1 55.4 61.4 35.1 4925
938 7 71.2 67.7 1.7 41.9
921 66.2 66.8 0.388 130.4
68.4 42.8 53.4 112 1213.1
142.1 88.7 §9.3 0.378 122.2
1382 77.9 87.8 97.8 0.072
1320 81.0 85.3 18.7 11.4
128.0 79.6 83.7 169 3.8

201 4 116.5 107.9 74.8 1513.0
193.3 97.9 105.7 61.6 410.6
203.5 122 4 1084 | - 208.6 2045.0
271.3 1433 1222 4448 4312.1
278.0 1492 1233 671.4 5118.0
3722 105.4 1341 823.8 770.3
415.7 163.6 1372 6939 7383.5
377.2 975 134.5 1366.9 3958
Average total error 193.6
¥ 4646.1 39358.1

The results of constant values: a = 222.1, b= 0.007, and R'=0.88 where §= 77.6
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System: The removal of pure toluene in the biofilter packed with palm shells (12)

The maximum bed height: 0.66 m

Packing matcrial: Palm shells/ activated sludge

VOC: Toluene

Table C-5 EC from experiment and model in T2.

o rw

L EC, o EC_, Error (EC, i ¥ )
171 13.6 16.7 9.5 4204.8
15.0 12.6 14.8 4.7 4334.0
14.2 13.9 14.0 0.007 4162.7
23.7 224 226 0.074 31427
338 27.1 312 17.3 2638.2
45.1 39.8 40.1 0.126 1497.0
545 438 47.0 3.1 880.8
66.8 52.1 553 10.1 692.5
57.6 395 49.1 92.8 15156
70.6 43.8 577 80.8 8812
127.9 87.2 87.5 0.073 76.8
1474 - 107.2 95.1 146.0 826.8
1413 88.2 92.8 209 96.3
1432 86.8 93.6 454 70.4
214.7 126.9 114.8 146.5 2345.5
202.8 124.1 112.0 148.9 2088.4
1933 117.2 109.5 59.6 1503.6
194.6 107.8 109.8 42 861.3
250.0 104.4 £21.9 304.3 676.6
302.4 149.5 129.7 3932 5053.1
289.0 134.8 128.0 46.2 31719
376.0 112.8 136.7 5710 11835
425.6 138.6 139.8 1.5 3615.1
Average total error 91.6
¥ 2106.3 455189

The results of constant values: a=222.9,b=0.007, and R’ =0.95 where §= 784
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System: The removal of methanol in a mixture of methanol and toluene in the biofilter packed

with peanut shells (X1)

The maximum bed height: 0.66 m
Packing material: Peanut shells/ activated sludge
VOC: Methanol in mixed system

Table C-6 EC from experiment and model in X1 (methanol).

L IR

IL EC, pcimen EC_ Error (Eccm.m;§ )
21.6 19.8 21.6 3.1 10968.2
33.1 30.7 32.4 2.8 8803.4
342 32.4 33.5 1.0 8486.4
35.0 33.4 34.1 0.486 8304.5
76.4 70.4 69.3 1.2 2936.3
52.7 438 49.8 36.3 6526.7
722 63.4 66.0 6.3 3740.1
560 44.7 52.6 62.6 6376.3
58.9 - 429 55.1 148.7 6675.9
93.4 " 736 82.2 72.9 2595.5
103.8 ° 84.7 89.7 25.4 1591.5
76.5 575 69.3 139.9 4496.6
127.4 113.4 105.7 58.6 124.8
87.8 71.8 78.0 38.9 2786.6
1204 105.3 101.1 17.6 370.8
93.3 79.5 82.1 6.8 2029.1
171.4 129.6 132.1 6.5 25.0
208.2 176.5 151.1 644.5 2696.6
i68.2 129.4 130.4 0.890 23.5
193.0 151.2 143.6 58.1 7113
2402 1813 165.7 244.0 32174
281.7 2155 1822 1113.6 8273.1
302.2 231.1 189.4 1739.2 113533
2649 201.8 175.8 672.7 5957.9
2827 2126 182.6 900.2 77423
2239 162.3 158.5 14.4 1423.1
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IL ECppmee | ECoa Error (EC,pinen” Y )
4232 255.8 222.7 1094.3 17213.8
313.0 201.8 193.0 75.9 5957.9
3824 2335 2131 418.5 11874.8
4304 2327 2242 71.2 11685.0
3653 179.2 208.7 868.8 2982.7
Average total error 275.7
5 8545.6 167950.4

Lo SR AT

The results of constant values: a = 426.8, b= 0.004, and R’ =0.94 where ;z 124.6
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System: The removal of toluene in a mixture of methanol and toluene in the biofilter packed with peanut shells

(X1)

The maximum bed height: 0.66 m

Packing material: Peanut shells/ activated sludge

VOC: Toluene in mixed system

Table C-7 EC from experiment and model in X1 {toluene).

IL EC, qerment EC_ .. Error (Ecwmm-; ¥
6.5 6.2 5.5 0.549 1.2
6.3 5.9 53 0.320 0.621
4.1 3.9 37 0.032 1.5
3.0 2.8 2.8 0.001 5.6
1.5 1.4 I.5 0.003 13.8
1.5 1.3 1.5 0.068 14.8
1.7 [.5 1.7 0.031 13.3
1.4 1.3 1.4 0.018 14.7
1.3 1.1 1.3 0.017 16.0
1.3 1.2 1.3 0.006 15.1
[.5 1.3 1.5 0.015 143
.5 1.3 1.5 0.041 14.4
9.1 7.4 7.0 0.152 5.3
9.2 7.2 7.1 0.031 4.5
12.7 10.2 8.8 1.541 254
11.9 9.4 8.4 0.834 17.9
39 3 36 0.230 4.1
7.2 6.1 5.9 0.021 0.909
5.6 4.5 4.8 0.083 0.348
4.7 3.8 42 0.143 1.7
13.3 10.3 9.1 1.493 26.6
16.6 12.4 10.2 4.755 53.3
210 10.0 11.5 2.284 23.6
20.9 9.3 11.5 4.703 174
Average tolal error 0.740553
by 17.8 306.5

The results of constant vaiues: a = 22.6, b =0.070, and R” = 0.94 where y=512
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System: The removal of methanol in a mixture of methanol and toluene in the biofilter packed

with palm shells (X2)

The maximum bed height: 0.66 m

Packing material: Palm shells/ activated sludge

VOC: Methano] in mixed system

Table C-8 EC from experiment and model in X2 (methanol).

L EC, inen EC,.. Error (EC,, oo § ¥

25.8 236 289 282 8500.1

18.2 17.1 20.9 139 97335

17.7 16.1 203 17.6 9930.4

40.2 37.2 43.1 35.0 61773

60.4 533 61.0 58.7 3904.4

77.6 71.2 745 (0.5 1983.7

109.1 80.2 95.6 236.5 1264.9

114.5 81.1 98.8 313.8 1201.8

11781 - 88.7 100.7 144.9 7333

1067 | ° 72.9 94.2 4504 1836.4

117.1 98.7 100.3 2.7 293.1

139.7 117.1 1124 213 1.6

128.6 107.2 106.7 0.230 73.4

193.0 134.0 135.0 1.0 330.9

205.7 1425 1393 103 7154

208.2 149.1 140.1 80.6 1109.1

283.3 1743 159.3 2232 34203

306.3 1734 163.6 95.6 3317.0

249.0 149.7 1517 40 1149.0

248.7 193.6 151.6 1762.2 6051.9

" 304.5 1509 163.3 152.5 1235.2
3445 1668 169.4 7.0 2601.6

¢ 376.0 187.3 1733 197.5 5119.4
365.5 216.8 172.1 2003.8 10212.0

558.1 163.5 185.1 466.6 2280.9

6111 144.0 186.7 1825.8 794.3
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experiment

EC

model

Error

2
(ECexpenmenl- y )

Average total error

314.0

P>

8164.1

83970.9

b IR S UV

The results of constant valucs: a = 288.7, b = 0.006, and R” = 0.90 where §= 115.6
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System: The removal of toluene in a mixture of methanol and toluene in the biofilter packed with palm shells
(X2)

The maximum bed height: 0.66 m

Packing material: Palm shells/ activated sludge

VOC: Toluene in mixed system

Table C-9 EC from experiment and model in X1 (toluene).

IL EC, peciment EC, i Error (Eceweﬁmcm_§ ¥
7.9 4.1 55 2.0 22.5
10.3 53 7.1 3.0 12.0
6.5 35 4.6 1.2 283
6.3 24 4.5 4.5 41.8
9.1 6.2 6.3 0.007 6.7
9.2 5.5 6.3 0.741 11.2
12.7 9.5 8.5 1.0 0.504
11.9 7.5 8.1 0.334 1.8
7.2 6.1 5.1 1.1 7.1
13.3 9.8 8.9 0.820 1.0
16.6 123 10.8 2.1 12.0
21.0 14.5 13.3 1.4 321
14.1 8.8 9.4 0.420 0.003
9.0 6.8 6.2 0.362 40
8.7 6.8 6.1 0.489 43
111 7.8 715 0.052 1.1
118 7.6 8.0 0.164 1.5
210 14.4 133 14 3le
152 10.7 10.0 0.385 3.4
16.4 13.2 10.7 6.1 19.1
209 133 13.2 0.020 204
206 13.0 13.0 0.001 17.5
19.0 11.3 12.2 0.850 6.0
234 113 14.5 10.3 6.1
Average total error 1.6
v 39.1 2919

The results of constant values: a = 70.8, b = 0.016. and R’ = 0.87 where V=882
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(.3 The experimental results and calculated values for other studies.

The above elimination capacity model was also applied to the experimental resulis of other

biofilter researchers, using Excel Solver. As would be expected, given that this is a macrokinetic

model, the values of the constants depend on the experimental conditions and differ from one

study to the next. With only one exception, the values of R’ are high, confirming that for a given

set of biofilter conditions, the elimination capacity model fits the experimental data well.

Researcher: Prado et al. (2005)
The maximum bed height: 0.44 m
Packing material: Lava rock/activated sludge

VOC: Toluene

Table C-10 EC from experiment and model of Prado et al.

IL EC, e EC_,. Error (EC,pporn™ ¥
65 60 58.7 1.7 1742
71 58 62.12 17.6 2310
96 75 74.4 0.392 12
112 85 80.5 20.3 139.2
147 88 90.5 6.12 219.0

Average total error 9.2

¥ 46.1 766.8

The results of constant values: a = 250.5,b=0.012, and R’ = 0.94 where ;z 73.2
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Researcher: Zhang et al. (2007)

The maximum bed height: 0.33 m

Packing material: Nova inert (silica)/specific microorganisms

VQOC: Methanol

Table C-11 EC from experiment and model of Zhang et al.

1L experiment ‘model Error (Ecexperiment_§ )2
10 9 8.9 (.004 415.1
20 18 17.5 0.256 129.4
30 27 25.7 1.7 5.6
37 27 31.2 17.8 5.6
47 35 388 14.6 316
50 48 41.0 48.4 346.9
38 35 320 9.1 316
48 36 39.6 12.7 439
Average total error 131
- ) 104.5 1009.9

The results of constant values: a=636.3, b =0.004, and R’ = 0.90 where ;= 294

Rescarcher: Delhoménie et al. (2002a)

The maximum bed height: 0.99 m

Packing material: Compost/ activated sludge

VOC: Toluene

Table C-12 EC from experiment and model of Delhoménie et al.

N i1

1L Echpﬂrimcnl ol Errot (EC,, pcrimm-§ Y

60 48 44.5 12.3 25

50 42 416 0.172 1

36 32 35.6 i2.9 121

102 48 50.2 5.0 25

56 45 43.44 2.4 4

Average total error 6.6
328 176

z

The results of constant values: a = 52.8, b =0.032, and R’ = 0.813 where ,;: 43.0
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Researcher: Liu et al. (2000)

The maximum bed height: 0.90 m

Packing material: Compost/ soil/lava rock

VOC: Toluene

Table C-13 EC from experiment and model of Liu et al.

I i EC,., Ervor (EC,pime ¥’
22 21.8 2422835015 59 2528
27 26.8 28.44794271 27 1188
32 31.8 32.28137007 0.2 34.8
45 448 40.68545216 16.9 50.4
55 47 45.86409171 1.3 86.5
82 54 55.76180301 31 263.7
Average total error 6.6
5.0 809.0

by

o BIE 12N

The results of constant values: a= 78.2, b=0.019, and R” = 0.96 where ?: 377

-

»

Researcher: Torkian et al. (2000}

The maximum bed height: 0.90 m

Packing material: Compost/ woodchip

VOC: Toluene

Table C-14 EC from experiment and model of Torkian et al.

IL EC,peamen EC_,., Ervor (ECpimen ¥ )

17 16.5 16.6 0.015 895.0

68 58 579 0.004 134.2

92 77 73.6 11.5 935.3

106 79 81.9 8.2 1061.7

39 38 359 44 70.8

16 10 15.7 324 1326.2

Average total error 94
56.3 4423.2

Z

The results of constant values: a=202.6, b= 0.006, and R’ = .99 where §= 46.4




Researcher: Chetpattananondh et al. (2005)

The maximum bed height: 0.60 m

Packing material: Palm shells/ activated studge

VOC: Toluene

Table C-15 EC from experiment and model of Chetpattananondh et al.

IL EC (EC,permen Y )
729 72.9 71.5 1.806 685.3
64.4 64.4 64.4 0.008 1204.0
559 559 57.0 1.46 1865.3

1129 1129 161.1 139.5 191.8
66.7 66.7 66.4 0.079 1044.5
593 593 60.1 0.631 1580.8

250.7 141l.6 167.7 681.9 1805.5

2223 166.7 1574 86.6 45794

137.8 113.2 116.8 12.6 200.0

218.1 137.0 155.8 3503 14433

Average total error 127.5
1275.0 14599.9

z

The results of constant values: a = 392.2, b =0.005, and R’ = 0.91 where §: 99.1

" stne
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Researcher: Rene et al. (2005)
The maximum bed height: 0.70 m
Packing material: Compost/ceramic beads

VOC: Tolucne

Table C-16 EC from experiment and model of Rene et al.

i EC,painen EC,,., Frror (ECppmen ¥

25 20 228 7.8 22721

70 51 513 0.1 2778

125 75 72.0 8.7 53.8

175 80 §2.8 8.1 152.1

220 100 88.7 1272 1045.4

233 80 90.0 993 152.1

Average total error 41.8
b 251.2 39533

The results of constant values: a = 140.6, b = 0.011, and R’ = 0.94 where §= 67.7

Rescarcher: Wright et al. (2005)
The maximum bed height: 0.70 m

Packing material: Diatomaceous earth

"VOC: Toluene

Table C-17 EC from experiment and model of Wright et al.

I EC, pvimen EC_,, Error (EC, e ¥V
25 20 316 1335 14042.3
75 60 822 491.8 6162.3
125 120 119.8 0.053 3423
230 200 170.2 889.9 3782.3
500 199 216.6 309.1 3660.3
1260 232 228.1 15.2 8742.3

Average total error 306.6

¥ 1839.6 36731.5

The results of constant values: a=228.2, b= 0.006, and R’ = 0.95 where §= 138.5
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Researcher: Xi et al. (2006)

The maximum bed height: 0.40 m

Packing material: Woodchip/ propylenc spheres/activated sludge

YOC: Toluene

Table C-18 EC from experiment and model of Xi et al.

IL EC, e EC_,, Error (Ecemm—} y

20 18 20.0 4.1 2822

40 37 333 13.8 4.8

60 40 42.1 4.3 27.0

100 52 51.7 0.068 205.8

30 27 27.3 0.1145 60.8

Average total etror 4.5
3 224 670.8

The results of constant values: a=148.2, b=0.021, and R’ = 0.97 where §= 34.8

Researcher: Vergara-Fernandez et. al. (2007)
The maximum bed height: 0.75 m
Packing material: Compost/ sea shells

VOC: Toluene

Table C-19 EC from experiment and modei of Vergara-Fernandez et al.

L EC, ermens EC, .. Error {Ecm.lmm-§ y
46 43 42.52651425 0.224189 225
a0 54 54.55138712 0.304028 16
63 54 57.07521478 .456946 16
73 66 65.35598063 0.414761 64
79 73 70.22845996 7.681434 225
Average total error 45 N i
3 ‘ 18.1 546.0

The results of constant valucs: a = 534.8, b = 0.002, and R = 0.97 where v = 58.0
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The suitability of peanut shells and palm shells for use as bed packing media in
biofilters | |
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Abstract

The characteristics of peanut shells and palm shells used as packing media in
biofilters treating air contaminated with methanol, toluene or mixtures of methanol
and toluene for over 200 days were investigated. Although the characteristics of the
two packings are different they both appear suitable for use as media in biofilters
treating air contaminated with methanol or toluene since their maximum elimination
capacity (E(jmax) values are comparable to those obtained using other media. The
ECrax values for peanut shells are slightly higher than those for palm shells, and the
peénut shells have a much lower bulk density, which would certainly have cost
advantages. However, the results also show that palm shells could retain their
structural integrity better than peanut shells and so require replacing less frequently.
This means that local availability and costs of the two materials are likely to
determine which should be selected. Use of peanut shells or palm shells should be of
c:)nsiderablc benefit to Thai industries considering installing biofilters to remove
\:If'OCs as it makes the cost of bed packing materials much more affordable than if
r

more conventional packing materials had to be used.

Keywords: Biofiltration, Methanol; Toluene; Peanut shells; Palm shells
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1. Introduction

Volatile organic compounds or VOCs are organic compounds that evaporate
readily at room temperature. They are discharged with waste gas streams to the
atmosphere by a wide range of industries, and many VOCs are not only significant air
pollutants but alse harmful to human health. Although the amounts of VOCs emitted
in individual waste gas streams are often quite low, the cumulative impact on the
atmosphere of the emissions of VOC is substantial. Hence many industrialized
countries have introduced regulations requiring industries, even quite small ones, to
remove most of the VOCs from their waste gases before these are discharged to the
atrmosphere.

In many developing countries, such as Thailand, industrial discharges of air
pollutants, such as VOCs, are less strictly regulated. However, more stringent
regulations similar to those in developed countries are expected and will be
introduced in due course. In Thailand, this will have an impact on industries like the
printing induétry, where the majority of the printing inks are solvent-based and the
solvents evaporate during the printing process. The rate of expansion of the Thai
priﬁting industry is rapid, as can be inferred from the fact that for label printing alone
the number of items printed rose from 9.26x10® pieces in 2000 to 15.9x10® pieces in
2008 (The office of industrial economics, 2009); hence substantial increases in VOC
generation can be expected from this industry alone.

Many current technologies for controlling VOCs (e.g. thermal incineration,
\;et scrubbing, and adsorption onto activated carbon) are costly, especially in cases
vg‘here pollutant concentrations in the waste gases are low (Mohseni and Allen, 2000).

r
Since the VOCs are biodegradable, another possible alternative treatment is

biofiltration. Biofiltration is inexpensive compared with the techniques mentioned



above and very effective for treating large volumes (up to 10° m’/h) of moist air
streams with low concentrations (less. than 5 g/m’) of biode;gradable pollutants
(Devinny et al., 1999). Furthermore, the technology is comparatively environmentally
friendly, as the process operates at ambient temperature; therefore, energy inputs to
the process are small.

In a biofilter, the waste gas is passed through a shallow bed packed with some
suitable inorganic or organic material. A microbial biofilm grows on the surface of the
packings. As the gas passes through the bed, pollutants diffuse from the gas phase into
the biofilm where they are converted by microorganisms into carbon dioxide, water
and new biomass (Deshusses, 1997).

A number of requirements have to be met to make sure that the biofilter will
work effectively. A critical requircment is to have a well established community of
aerobic microorganisms that is well adapted to conditions in the bed and to the nature
of the VOC(5) present in the waste gases being treated. Typical sources of such
microbial ;:onsortia are compost (Torkian et af., 2003; and Rene et al., 2005), soil
(Delhoménie et al., 2002a), and sludge from sewage treatment plants (Krailas and
Tuan, 2002; Ng ef al., 2004; and Prado et al., 2005). In a few cases specially cultured
microorganism colonies have also been used (Zilli et al., 2002; Park and Jung, 2006,
and Garcia-Pena ef al., 2008). Usual practice is to inoculate the bed with microbial
source material and expose it to increasing quantities of the VOCs concerned until a
well acclimatized microorganism community has become established. To achieve
this, the bed moisture content needs to be maintained within a range (typically 40% to

f 60%) that enables VOC biodegradation to occur aerobically.
r

It is essential to choose suitable packing materials for the bed in order to keep

the biofilter operating well for extended periods. These materials should facilitate the



attachment of the microbial biofilm and should have a high specific surface area in
order to promote mass gransfer of VOCs betweer.1 the gas phase and the 'bioﬁlm
(Devinny ef al., 1999). The density of the packing material should be low so as to
keep down the mass of the bed and the pressure at the base of the bed. If the operating
pressure is high, the packing may disintegrate, hindering the passage of gas through
the bed. A near neutral pH, and a good water holding capacity are also important
(Barona et. al., 2004, Delhoménie ef al., 2002a; and Dumont et al., 2008). Commonly
used packing materials include natural materials such as wood chips (Torkian et al.,
2003; and Xi et al., 2006) and sea shells (Vergara- Fernandez et al., 2007), as well as
manufactured products such as granular activated carbon (Aizpuru et al., 2003),
extruded diatomaceous earth pellets (Wright, 2005), and c_:eramic beads (Rene er al.,
2005).

The Coé.t of bed packing materials is an important component of the biofilter
capital cost. In-addition, bed replacement should be scheduled on a regular basis, and
the associated costs contribute substantially to plant operating expenses.
Consequently, the attractiveness of biofiltration as a VOC removal technology will
in(;rease greatly if cheap but effective packing materials can be obtained locally. In
Thailand, agricultural production is high and a number of waste agricultural products
are available very cheaply. Two with potential for use as biofilter bed packing
materials are peanut shells and oil palm shells. Ramirez-Lopez ef al. (2003) has
previously suggested that peanut shells are good packing media since they have a
l.."clrge specific surface area, a low bulk density, a neutral pH, large water holding
¢apacity, and sufficient nutrients for microbial growth. Peanut shells and oil palm

Shells are both available in Thailand. In 2007, the domestic production of peanuts and

palms were 5.4x10* ton (Department of Agricultural Extension, 2009) and 6.39x10°



ton, respectively (Suratthani Oil Palm Research Center (pdf), 2009). The shells have
. to be remo*;fed before these crops a%e processed into ﬁnisheci goods; hence large
amounts of waste peanut and palm shells are produced. On average, the price of
assorted size peanut shells and paim shells are 7 baht’kg (Tong Garden Co., Ltd.,
2009) and 6 baht/kg (Suratthani Oil Palm Research Center, 2009), respectively. It
should be noted that, although peanut shells and palm shells are both locally available
materials, their respective centres of production are different. Peanut shells are most
easily available in the north and northeast of Thailand while palm shells are more
widely available in the south and centre of Thailand.

These costs of peanut shells and palm shells are very much less than those for
more conventional packing media such as suitably sized granular activated carbon,
which costs up to 85 baht/kg in Thailand (C.Gigantic Carbon Co., Ltd., 2009). This
price differential was large enough to warrant further investigation of the suitability of
peanut shells dnd palm shells as biofilter packing materials. Therefore a laboratory
scale projec't was initiated to characterize the performance of peanut shells and palm
shells as packing media in biofilters. Since industrial biofilters can be exposed to
hydrophilic VOCs, hydrophobic VOCs and VOC mixtures this had to be allowed for
in the investigation. The VOCs selected for use in the study were methanol, toluene
and a mixture of methanol and toluene. Methanol, which has a high water solubility of
1000 g 1! at 25°C, was used as a representative of the hydrophilic class of VOCs
while toluene, which has a much lower water solubility of 0.53 g I at 25°C
(Chetpattananondh et al., 2005) was used as the representative hydrophobic solvent.
E‘This paper describes the characteristics of the packing materials, how these altered
r

over the course of the experimental program, and conclusions reached about the

suitability of these materials for use as packing media in biofilters.



2. Materials and methods
2.1 Experimental set up |

Six 1.2 m high laboratory scale biofilter columns were constructed for use in
the study. Each consisted of a base section above which were three identical 290 mm
lengths of 80 mm i.d. acrylic tube and a top section. The sections were connected by
flanged joints, each fitted with O-rings to prevent gas leakage. Fach of the three
central sections was filled with packing material to an initial depth of 220 mm; a
perforated plate at the base of each section provided support for the packing material
while still allowing free passage of gases and liquids through the column. Waste gas
was introduced at the bottom of the biofilter and withdrawn at the top. Each biofilter
consists of three equal segments connected in series as seen in Figure 1.

Biofilters M1 and M2 were filled with peanut shells and palm shells
respectively; throughout the roperati.ng period these received gas streams containing
only methanol.:Bioﬁlters T1 and T2 were filled with peanut shells and palm shells
respectively; throughout the operating period, these received gas streams containing
only toluene. Biofilters X1 and X2 were filled with peanut shells and palm shells
reépectively; during the initial part of the operating period these received gas streams
containing only methanol but after 54 days they started receiving gas streams

containing a mixture of methanol and toluene.
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Figure 1. Experimental set up

2.2 Packing materials

The palm and peanut shells used were in the size range of 0.5-1 cm. The
peanut shells were cut to size manually whereas the palm shells were selected from
assorted palm shell wastes. Activated sludge was obtained from Man A Frozen Food
Co. Ltd., a sea food manufacturing plant in Songkhla province. It was fed with the
relevant VéC for 3 days in the ratio of VOC/nutrients/activated sludge 0.001/0.2/6.5
v/v/v. The peanut shells or palm shells were immersed in this activated sludge in a
ratio of 1:2 v/v for 24 hours to become saturated, so that further particle swelling in
the biofilter was avoided (Delhoménie er al., 2002a). After that, these packing media
were shaken to remove excess activated sludge and then transferred into the relevant
column(s). Excess water was eliminated from the base of the biofilter columns using a
.peristaltic pump.
2.3 Analytical methods

Toluene and methanol concentration were analyzed by a gas chromatography

L I ST

unit (HP 6890, Hewlett Packard) equipped with a flame ionization detector (FID)

using a 30-m capillary column (HP-1, crosslinked methy! siloxane). The temperature



of the injection port, the oven, and the detector were maintained at 180, 50, and
200°C, respectively. | | |

The packing materials were characterized as follows. pH values were
measured by AOAC method 973.04 (Helrich, 1990). This involves adding 3 g of
shells to 50 ml of water, stirring the mixture gently for 30 minutes, and then
measuring the pH. Packing density was found by determining the mass of shells that
could be packed into a 250 ml flask (Ramirez-Lopez et al, 2003). Surface
characteristics of the packing materials were also measured: small pieces (1x1mm) of
peanut shell or palm shell were dried at 100°C for 12 hours, degassed at 120°C, and
then Brunauer, Emmett, and Teller (BET) surface areas and the Barrett, Joyner, and
Halenda (BJH) pore size distribution were measured using a SA3100 surface area
analyzer (Coulter, USA). Ash content was obtained by heating the shells for 5 h at
600°C according to AOAC method 967.04 (Helrich, 1990). The physical appearance
of packing me;iia surfaces and of any microorganisms present was observed by
scanning electron microscopy (SEM) (JSM-5800L V, JEOL).
2.4 Performance Paramefers
Thé mass loading rate or inlet load (IL) is the mass of contaminant entering the
biofilter per unit volume of filter material per unit time. Performance of the biofilter

can be expressed in terms of the pollutant removal efficiency (RE) and the elimination

capacity (IEC). The definitions for three parameters are given by Equations 1 -3:

¢, xQ
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where C;, and Co, are the inlet and outlet concentration (g/m3), Q is air contaminated

flow rate (m°/h), and V is volume of packing media (m?).

3. Results and discussion

Characteristics of raw peanut shells and palm shells, and of peanut shell and
palm shell packings recovered from the biofilters at the end of the experimental runs,
are shown in Table 1. The biofilters were operated continuously for 267 days for pure
methanol systems and mixed systems, and for 214 days for pure toluene systems.
3.1 The characteristics of packing media

The palm and peanut shells used were in the size range of 0.5-1 cm. The size
of the bed pellets is a very important bed characteristic. Whilst a small pellet size
provides a large specific surface area, which is favorable for essential gas/biolayer
exchanges, it a}so increases resistance to gas flow, and hence the pressure drop across
the bed. On-the other hand, if the pellet size is too large, resistance to gas flow is low
but the number of potential sites for establishment of microbial activity decreases
(Delhoménie ef al., 2002b). Leson and Winer {1991) have suggested a minimal pellet
size of 4 mm in order to minimize pressure drop through the bed. However, most
authors working in the biofiltration field have adopted pellet sizes greater than this
proposed threshold value (Corsi and Seed, 1995; Cardenas-Gonzalez ef af., 1999; and
Delhoménie et al., 2001).
“ Table 1 shows that there were some substantial differences between the two
;packings studied in this project. The pH was slightly acidic (6.1) for raw peanut shells
r:but significantly more acidic (4.9) for raw palm shells. In addition the raw peanut
shells have a much lower packing density (71 kg/m®) than the raw palm shells (490

ke/m®), which suggests that structurally stronger and more robust filter bed supports
g g Y



would be needed if using the latter material. This difference in packing density had
little effect on the étmctural integrity of the ﬁackings. In most cases béd heights had
dropped by only 0.1 cm after over 113 days of continuous operation; only in the case
where peanut shells were being used in an experiment to remove methanol was a
greater decrease in bed height (0.5 cm) observed. Some organic media (e.g. compost,
peat or wood chips), by their nature, tend to decay easily, which leads to bed
compaction (Jin er al, 2008). Many rescarchers have reported that in order to
minimize the bed compaction and extend the lifetime of the organic packing media,
adding large size inert materials, such as glass beads, polystyrene spheres and lava
rocks, into the organic packing media could decrease the bed compaction and avoid
clogging and significant pressure drop (Jin-Ying et al., 2005). However, most inert
media are more expensive than natural organic media (Kennes ef a/., 2002).

Table 1 also shows that the raw peanut shells have higher void fractions than
the raw palm she:lls. Generally, biofilter media with a high void fraction are preferred
(Shareefdeen and Singh, 2005) as this enables microorganisms to attach to much of
the packing surface under low shear conditions, even though the gas is moving
throilgh the bed quite rapidly (Malhautier ef al, 2005). According to Tampion and
Tampion (1987), the maximum accumulation of biomass occurs when pore sizes are
one to five times the bacterial size (Cohen, 2001). Over time, decreases in void
fraction were observed, for both packings, in all the experimental biofiiter systems in
our study. This behavior, which was not unexpected. resulted from accumulation of

-

biomass on the packing media, which has been observed in other studies (Abumaizar

el E‘al., 1998 Torkian ef al., 2003; and Iliuta and Larachi, 2004},
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Table 1. The characteristics of peanut shells and palm shells.

Characteristics ' Peanut shells Palm shells
Before After Before After
packing packing packing packing
Pellet size (cm) 0.5-1 0.5-1 (.5-1 0.5-1
pH 6.1 4.9
Packing density (kg/m>) 71 490
Void fraction (%) 80 65
Methanol system 48.0 44.8
Toluene system 58.0 58.7
Mixed system 42.2 494
BET surface area (m?/g) 1.23-1.31 0.17-0.34
Methanol system 0.81-1.04 0.29-0.42
Toluene system 1.29-1.64 0.31-0.64
Mixed system 0.79-1.23 0.33-0.44
Moisture content (%) 3.2 8.9
Methanol system 73.9 30.3
Toluene system 84.6 497
Mixed system 82.6 34.6
Ash content (%) 6.6 2.8
Methanol system 1.3 1.2
Toluene system - 1.2
Mixed system 1.2 1.7

For both packings the ash content is very low. Moisture contents were 73.9-
84.6% for peanut shell packing and 30.3-49.7% for palm shell packing. Severe drying
was not observed in any of the systems during the operational periods. The moisture
content required for optimal performance of a compost biofilter is generally between
20 to 60% (Nikolaidis et al., 1999). Biological activity ceases if the moisture content
©f an organic material is too low. In addition, cracks open in a dry bed and channeling

pccurs, further limiting performance (Ottengraf et al., 1983). Maintaining an adequate

¥
-

fmoisture content can be difficult; for example, in one case where a biofilter was

packed with compost/ground tire rubber for toluene removal, severe drying was




observed even though the inlet air stream was humidified and additional water was
supplied directl?r to the bed on a daily basi;c; (Ohet al., 2009).

The BET surface areas of peanut shells and palm shells at the beginning and
end of the experimental runs were different. The raw palm shells have much lower
BET surface areas than the raw peanut shells. In the case of palm shells an increase in
BET surface areas occurred no matter which VOC was being removed. A small
increase also occurred when peanut shells were used in experiments to remove
toluene. However, in biofilters packed with peanut shells and used for removal of
methanol, whether present on its own or in a mixture with toluene, measured BET
surface arcas decreased significantly. Decreases in BET surface areas over time have
been observed for other packing materials, for example when hydrogen sulfide was
being removed in a biofilter packed with activated carbon (Ng ef al., 2004). In the
latter case the decrease was attributed to biofilm developing on soﬁe of the pore
surfaces in the :carbon. However, in the present project the decrease could also be
linked to chemical reaction of methanol with the surface of the peanut shells; the BET
surface area of raw peanut shells immersed in methanol for three days was 0.89 m%/g,
which is around 30% lower than the value obtained for the untreated raw peanut
shells, a_ﬁd this contrasts strongly with the 10% increase in BET surface area observed
after palm shells had been immersed in methanol for three days. However, packing
media immersed for three days in pure solvents experience conditions very different
from those they are exposed to in operating biofilters. Therefore the relevance of the
B‘ET changes given above to what occurs in actual biofilter packing media remains
uficertain. In the case where the packing materials were immersed for three days in

¥ . S
toluene rather than methanol, decreases in BET surface areas of around 8% and 69%



were observed for peanut shells and palm shells respectively; this trend is opposite to
that observed in the operating biofilters

Further evidence of the different impacts that methanol and toluene have on
the peanut shell and palm shell packings is provided by pore size distribution
measurements made at the beginning and end of the experimental runs. The volumes
of both mesopores (2-50 nm in size) and macropores (>50 nm in size} were measured.
Figure 2 shows the relationships between pore size and pore volume for both packing
media when treating gas streams containing methanol or toluene separately. For palm
shells there is an increase in both the mesopore volume and the macropore volume
over the course of the experiments using methanol and those using toluene. The
mcreases in mesopore volume are similar for both VOCs but a substantially greater
increase in macropore volume occurred when using toluene. For the peanut shells,
however, VO(-related differences are much greater. When experiments were
conducted usiné methanol, small decreases in pore volume occurred across the entire
range of po;e sizes. In experiments involving toluene, however, marked increases in
pore volume occurred in the macropore and larger mesopore range; only in the

smaller mesopores was a small decrease in pore volume observed.
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Figure 2. The BJH pore size distributions in single VOC systems.

Combining the observations of changes in bed height, BET surface areas and
pore volume c%istributions suggests that both packings are to some extent susceptible
to attack by tHe VOCs themselves, and possibly also by intermediates formed in the
course of b_iodegradation (such as benzoic acid in the case of toluene). In the case of
palm shells, and of peanut shells exposed to toluene, the structural integrity of the
packin_gs does not seem to be compromised to any significant extent. With peanut
shells exposed to methanol, though, the reduction in macropore volume coupled with
the 0.5 cm decrease in bed height points to a more serious level of structural
breakdown. Clearly, when using agricultural products as packing materials attention
needs to be paid to the types of VOC involved before packing materials are selected.

.

Scanning electron microscope (SEM) studies of both the raw and the used
:;packing materials were also undertaken. Figure 3 shows SEM micrographs of the
r

surfaces of raw peanut shell and raw palm shell at 1000x magnification. The surfaces

of both packing media contain depressions 20-40 pm across and appear sufficiently



irregular to facilitate attachment of microorganisms during biofilm formation. SEM
pictures of packing media samples taken on days 93 and 147 confirm that the surfaces
were readily colonized by microorganisms. On day 93, the surfaces of packing
materials from all biofilters were dominated by rod shaped microorganisms, as shown

in Figure 4. At this stage no differences related to the nature of the VOC involved

were apparent.

- (@ (b)

10KV 5um x5.000

Figure 4. Microorganisms typical of those found on packing materials sampled after

93 days (5000x magnification).



By day 147 the numbers of michorganisms present on the surfaces had
increased considerably and the nat-ure of the microbial fauna was very different. As
illustrated in Figure 5, peanut shell surfaces appeared to be dominated by mycelial
mats, with a scattering of cocci. Fungal mycelia are known to cause damage to peanut
crops in the field (Nalim et al., 1995; and Okabe and Matsumoto, 2000). Mycoflora or
fungi develop easily on the peanut shells in moist atmospheres (Hanlin, 1968
Fonseca et al., 1994); therefore, given the moist aerobic conditions under which
peanut shells exist in the biofilters it is not surprising that fungal mats have become
established on their surfaces. These mats were present on all peanut shell surfaces,
irrespective of the VOC(s) to which they had been exposed, so that they do not seem
to be implicated in the changes to BET surface areas and pore distributions
experienced by peanut shells exposed to methanol. The methanol does seem to have
had an effect on the fungal growths, however, as the mycelial strands found on

packings exposed to methanol (images (a) and (c) in Figure 5) are very much finer

than those present on the surfaces exposed only to toluene (image (b) in Figure 5).

(a) (b) (c)

Figure 5. SEM images (5000x magnification) of peanut shell packings sampled on

day 147 from biofilters treating (a) methanol, (b) toluene, and (c¢) a methanol/toluene

4
mixture.



As Figure 6 shows, by day 147 the microbial fauna on the palm shell surfaces
was very different from that on the peanut shélls. Here coccus-shaped rﬁicroorganisms
predominate, with only a small amount of mycelial growth apparent. Again, the
methanol appears to have an impact on the size of the organisms. As Figure 6(a)
shows, on the surface exposed solely to methanol there is only one coccus-shaped
organism of the same size as those in Figure 6(c); the remaining organisms are only
20% as large, with a diameter of less than 1 pm. Not only was the microbial
composition of t‘he biofilm affected by the choice of VOC but also its color. The
original raw peanut shells and palm shells were light brown and dark brown,
respectively. In biofilters exposed to methanol, either alone, or in a mixture with
toluene, the biofilm that developed was reddish brown in color; this was the case for

both peanut shells and palm shells. In systems exposed only to toluene, however, the

biofilm that developed was a distinctively different blackish brown color.

(a) (b) (c)
Figure 6. SEM images (5000x magnification) of palm shell packings sampled on day
147 from biofilters treating (a) methanol, (b) toluene, and (c) a methanol/toluene

pixture.
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3.2 The performance of biofilters
3.2.1 The removal ejﬁcier.;cy
After acclimation period was finished (stage A), the performances of
biofilters were determined. For biofilters M1, M2, T1, and T2, the first segment of the
main experimental program comprised three stages, denoted stages B and C, during
which the gas flows to the biofilters were successively increased from 0.1 m*/h (stage
B) to 0.2 m*/h (stage C). Empty bed residence times (EBRT) for each of these stages
were 151 and 76 seconds respectively. Several step changes in VOC concentration
were made during each of the previous stages. Typical concentration ranges used
were: 1-3, 3-6, and 6-9 g/m3 for methanol and 0.1-2, 2-4, and 4-6 g/m3 for toluene. It
was originally intended to increase concentrations progressively so as to determine
the limits of biofilter performance. However, measured removal efficiencies and
calculated elimination capacities often fluctuated unpredictably and it was sometimes
necessary to rec:iuce VOC concentrations in the incoming gas. During stage C pressure
drops through the biofilters began to increase and reached levels many times those
measured at the start of the experiments. These pressure drop changes appeared to be
contributing to the erratic performance of the biofilters.

AThe biofilters were restarted with the gas flow rate at a very low level (0.06
m3/h) (stage D) and the VOC concentration also at a low level (1 g/m3). The biofilters
then performed much better and their performance was monitored during a sequence
of successive increases in gas flow rate to 0.1 m’/h (stage E), 0.15 m’/h (stage F), 0.2
f'/h (stage ), and 0.3 m’/h (stage H). EBRTs for cach of these stages were 151, 101,

16, and 50 seconds respectively. Stage H was terminated on day 267 in the case of M1

-

gnd M2 and on day 214 in the case of T1 and T2. These observations are in good

accord with those of Barona et al. (2004) who found that the performance of



microbial communities in biofilters soon recovered after brief periods of starvation.
During each.of the above stages, the VOC concentration was raised stepwise several
times, as was done in earlier stages.

The patterns of change followed by the RE values are quite similar for all four
biofilters (M1, M2, T1, and T2). Patterns of behavior in biofilters filled with peanut
shells are remarkedly similar to those in biofilters filled with palm shells, which
means that on the basis of VOC removal efficiency neither has a clearcut advantage
over the other. Figures 7 and 8 show the removal efficiency for removal of toluene in

the biofilter packed with peanut shells and palm shells, respectively.

0 30 60 90 120 150 180 210
Time (days)

Figure 7. The overall performance in terms of removal efficiency for removal of
toluene in the biofilter packed with peanut shells (T1): (#) the removal efficiency,

and (0) the inlet concentration.
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Figure 8. The overall performance in terms of removal efficiency for removal of pure
toluene in the biofilter packed with palm shells (T2): (#) the removal efficiency, and

() the inlet concentration.

3.2.2 The elimination capacity

The effectiveness of biofilters is often expressed in terms of the elimination
capacity (EC), which is the mass of VOC removed per hour in a cubic meter of
packing. Figure 9 shows observed EC values for methanol in the biofilters treating gas
streams containing methanol alone or methanol/toluene mixtures while ECs for
toluene in biofilters containing toluene alone or methanol/toluene mixtures arc shown
in Figure 108. These are presented as a function of the inlet load (IL), the mass of
VOC delivered to the biofilter per hour per cubic meter of packing. Maximum
climination capacity (ECpga) values for toluene were around 60% ol those for
methanol; according to Devinny er «l. (1999}, this is becausc toluene has a more
complex structure than methanol and its degradation is a more energy intensive
process. The maximum elimination capacities obtained in this study are compared
with those of other rescarchers in Table 2. It can be seen that, with the exception of

the anomalously low values obtained for toluenc in the system treating a mixture of



methanol and toluene, these values are comparable to those obtained in other studies.
These results suggest that both peanut shells and palm shells are suitable for use as
packing media in biofilters. Neither of these materials appears to have a clear
advantage over the other. The ECy, values for peanut shells are perhaps marginally
greater than those for palm shells and the peanut shells have a much lower bulk
density, which would certainly have cost advantages; however, indications are that
palm shells cou]d retain their structural integrity better than peanut shells and so

require replacing less frequently.

600 1
500 1 RL= 100%
400 -

300 A

EC (g/u1/h)
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- - — - Palm shells in pure system Palm shells in mixed system
------- Peanut shells in mixed system —-—-- Peanut shells in pure system

Figure 9. Elimination capacity and inlet load curve for removal of methanol from air
«ontaminated with pure methanol or methanol/toluene packed with palm shells or
peanut shells.
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peanut shells. _

it



Table 2 Comparison of maximum elimination capacity values from biofiltration

studies.
Researchers Substance Packing media EC nax
Prado et al., 2005 Methanol | Lava rock 173
This study Methanol | Peanut shells 198
Palm shells 168
Methanol* | Peanut shells 208
Palm shells 190
Zillt et al., 2001 Toluene Peat/glass beads 242
Delhomeénie et al., 2002a Toluene Compost based 55
Chetpattananondh et al., 2005 Toluene Palm shells 190
Rene et al., 2005 Toluene Compost/ceramic beads | 128
Wright et. al., 2005 Toluene Diatomaceous earth 232
Vergara—Fémémdez et. al., 2007 | Toluene Compost/sea shells 82
This study Toluene Peanut shells 145
. Palm shells 129
Toluene® i Peanut shells 6.6
Palm shells 8.8

* in the mixed system

-

oy

. Conclusions

£ The results of this study show that both peanut shells and palm shells are
r

suitable for use as packing media in biofilters even though the nature of the microbial

fauna that develops on cach is quite different. This should be of considerable benelit



to Thai industries considering installing biofilters to remove VOCs as it makes the
cost of bed packing materials much more affordable than if more conventional
packing materials had to be used. The elimination capacities measured in this study
are comparable to those reported by other researchers working with a range of
different packing materials. Neither of the materials studied shows a clear-cut
advantage over the other, which means that local availability and costs of the two

materials are likely to determine which should be selected.

Acknowledgements

This research was financially supported by Prince of Songkla University and
the National Research Council of Thailand (NRCT), budget year 2007. The Graduate
School ét Prince of Songkla University also provided partial funding. The authors are
grateful to the I;)epartment of Chemical Engineering and the Faculty of Engineering,

Prince of Songkla University for other support.

L]



References

Abumaizar R J, Kocher W and Smith E H (1998), “Bioﬁltration of BIEX
contaminated air streams using compost-activated carbon filter media”,
Journal of Hazardous Materials, Vol. 60, pp. 111-126.

Aizpuru A, Khammar N, Malhautier L, and Fanlo J L (2003), “Biofiltration for
treatment of complex mixtures of VOC influence of the packing material”,
Acta Biotechno!ogica, Vol. 23(2-3), pp. 211-226.

Barona A, Elias A, Arias R, Cano [, and Gonzalez R (2004), “Biofilter response to
gradual and sudden variation in operating conditions”, Biochemical
Engineering Journal, Vol. 22, pp. 25-31.

Chetpattananondh P, Nitipavachon Y, and Bunyakan C (2005), “Biofiltration of air
contaminated with methanol and toluenc”, Songklanakarin Journal of

Science and Technology, Vol. 27(3), pp- 761-773.

C.Gigantic Carbon Co., Ltd. http://www.cgccarbon.com (accessed Aug 14, 2009).

Cardenas-Gonzalez B, Ergas S J, and Switzenbaum M S (1999), “Characterization of
compost biofiltration media”, The Journal of the Air & Waste Management

. Association, Vol. 49, pp. 784-793.

Cohen Y (2001), “Biofiltration- the treatment of fluids by microorganisms
mmobilized into the filter bedding material: a review”, Bioresource and
Technology, Vol. 77, pp. 257-274.

gorsi R L and Seed L (1995), “Biofiltration of BTEX: Media, substrate, and loadings
effects”, Environmental Progress, Vol. 14, pp. 15 1--158.

;j)elhoménie M C, Bibeau L, Gendron J, Brzezinski R, and Heitz M (2001), “Air

treatment by biofiltration: Influence of nitrogen concentration on operational



parameters”, Industrial and Engineering Chemistry Research, Vol. 40, pp.
5405-5414. |

Delhoménie M C, Bibeau L, and Heitz M (2002a), “A study of the impact of particle
size and adsorption phenomena in a compost-based biological filter”,
Chemical Engineering Science, Vol. 57, pp. 4999-5010.

Delhoménie M C, Bibeau L, Bredin N, Roy S, Broussau S, Brzezinski R, Kungelmass
T 1., and Heitz M (2002b), “Biofiltration of air contaminated with toluene on
a compost-based bed”, Advances in Environmental Research, Vol. 6, pp.
239-254.

Department of Agricultural Extension.

http://www.agriinfo.doae.go.th/5vear/peanutl .pdf (accessed June 7, 2009).

Deshusses M A (1997), “Biological waste air treatment in biofilters”, Environmental
Biotechnolo@, Vol. 8, pp.335-339.

Devinny J S, De:shusses M A, and Webster T S (1999), “Biofiitration for Air Pollution
Control”, Lewis Publishers, New York, U.S.A., pp 13.

Dumont E, Andres Y, Le Cloirec P, and Gaudin F (2008), “Evaluation of a new
packing material for H,S removed by biofiltration”, Biochemical

| Engineering Journal, Vol. 42, pp. 120-127.

Fonseca H, Gallo C R, Calori-Domingues M A, Gloria E M, Approbatto P J, Fonseca
E L, and Zanbello I V (1994), “Post-harvest control of aflatoxin production
in in-shell moist peanuts with sodium ortho-phenylphenate: 111 storage
tests™, Scientia Agricola, Vol. 51(2), pp. 369-373.

Garcia-Pena I, Ortiz I, Hernandez S, Revah § (2008), “Biofiltration of BTEX by the

r

fungus Paecilomyces variotii”, International Biodeterioration and

Biodegradation, Vol. 62, pp. 442-447.



Hanlin R T (1968), “Fungi in developing peanut fruits”, Journal Series of University
of Georgia Col‘lege of Agriculture Experément Station, College Statlion,
Athens, Vol. 228, pp. 93-100.
Helrich K (1990), Ash and pH analysis. In Methods of Fertilizers Analysis, F.J.
Johnson, editor. Agricultural Chemicals; Contaminants; Drugs, Volume 1.
Official Methods of Analysis of the Association of Official Analytical
Chemists, Virginia, U.S.A., pp. 37.
Iliuta I and Laréchi F (2004), “Transient biofilter aerodynamics and clogging for
VOC degradation”, Chemical Engineering Science, Vol. 59, pp. 3293-3302.
Jin Y, Veiga M C, and Kennes C {2008), “Removal of methanol from air in a low-pH
trickling monolith bioreactor”, Process Biochemistry, Vol. 43, pp. 925-931.
Jin-Ying X, Hong-Ying H, Hong-Bo Z, and Yi Q (2005), “Effects of adding inert
spheres into the filter bed on the performance of biofilters for gaseous
toluene removal”, Biochemical Engineering Journal, Vol. 23, pp.123-130.
Kennes C a:nd Veiga M C (2002), “Inert filter media for the biofiltration of waste
gases-characteristics and biomass control”, Review in Environmental
Science and Biotechnology, Vol. 1, pp. 201-214.
Krailas S and Tuan P Q (2002), “Macrokinetic determination and water movement in
a downward flow biofilter for methanol removal”, Biochemical Engineering

Journal, Vol. 10, pp. 103-113.

Leson G and Winer A M (1991), “Biofiltration: An innovative air pollution control
-

technology for VOC emissions™, The Journal of the Air and Waste

Management Association, Vol. 41, pp. 1045-1054.

L I X HY

Malhautier L, Khammar N, and Bayle S (2005), “Biofiltration of volatile organic

compounds”, Applied Microbiology and Biotechnology, Vol. 68, pp. 16-22.



Mohseni M, Allen DG (2000), “Biofiltration of mixtures of hydrophilic and
hfdrOphobic volatile organic compounds”, Chemical ;Engineering Science,
Vol. 55, pp.1545-1558.

Nalim F A, Starr J L, Woodard K E, Segner S, and Keller N P (1995), “Mycelial
compatibility groups in Texas peanut field populations of Sclerotium rolfsii.
American Phytopathological Society”, Northeastern Division, Quebec PQ ,
CANADA. 85(12), 1507-1512.

Ng Y L, Yan R, Chen X G, Geng A L, Gould W D, Liang D T, and Koe L C C
(2004), “Use of activated carbon as a support medium for H,S biofiltration
and effect of bacterial immobilization on available pore surface”, Applied
Microbiology and Biotechnology, Vol. 66, pp. 259-265.

Nikolaidis N, Erkey C, and Smets BF (1999), “Hazardous and Industrial Wastes”,
Technomis Publishing Company, Inc. U.S.A. |

Nitipavachon ‘f, Chetpattananondh P, Prasertsit K, and Connor M A (2009),
“Biofiltration using peanut shells or palm shells for removal of air
contaminated with methanol or toluene”, Proceedings of Pure and Applied
Chemistry International Conference, Phitsanulok, Thailand, January 14-16,
2009, pp. 133-136.

Oh DI, Song J S, Hwang S J, and Kim J Y (2009), “Effect of adsorptive properties of
biofilter packing materials on toluene removal”, Journal of Hazardous
Materials, Vol. 170, pp. 144-150.

Okabe I and Matsumoto N {2000), “Population structure of Sclerotium rolfse in

peanut ficlds”, Mycoscience, Vol. 41, pp. 145-148,



Ottengraf S P P, and Van Den Oever, A H C (1983), “Kinetics of organic compound
removal from .waste gases with a biologi.cal filter”, Biotechnology and
Bioengineering, Vol. 25, pp. 3089-3102.

Park P H and Jung I G (2006), “A model study based on experiments on toluene
removal under high load condition in biofilters”, Biochemical Engineering
Journal, Vol. 28, pp. 269-274.

Prado O J, Veiga M C, and Kennes ( (2005), “Treatment of gas-phase methanol in
conventilonal biofilters packed with lava rock”, Water Research, Vol. 39, pp.
2385-2393.

Ramirez [ E, Corona I J, Dendooven I, Rangel P, and Thalasso F (2003),
“Characterization of five agricultural by-products as potential biofilter
carriers”, Bioresource Technology, Vol. 88, pp. 259-263.

Rene E R, Mﬁﬂhy D V S, and Swaminathan T (2005), “Performance evaluation of a
compo'st biofilter treating toluene vapours”, Process Biochemisiry, Vol. 40,
pp. 2771-2779.

Shareefdeen Z and Singh A (2005), “Biotechnology for Odor and Air Pollution

. Control”, Spriner, Germany.

Suratihani Oil Palm Research Center. http://it.doa.go.th/palm/index.html (accessed

Aug 14, 2009).
Suratthani Oil Palm Research Center (pdf).

http://it.doa.go.th/palm/pdfistatistics palmoil/area%202007-2008.pdf

(accessed June 7, 2009).
’fampion J and Tampion M D (1987), “Immaobilized cells: principles and application”,
| 4

Cambridge University Press, Cambridge, U.K.



The office of industrial economics.

http://www.oie.go.th/industry_stat/show_industry stat.asp (accessed June 7,

2009).

Tong Garden Co., Ltd. www.tonggarden.com (accessed Aug 18, 2009).

Torkian A, Dehghanzadeh R, and Hakimjavadi M (2003), “Biodegradation of
aromatic hydrocarbons in a compost biofilter”, Journal of Chemical
Technology and Biotechnoiogy, Vol. 78, pp. 795-801.

Vergara-Fernandez A, Molina L L, Pulido N A, and Aroca G (2007), “Effects of gas
flow rate, inlet concentration and temperature on the biofiltration of toluene
vapors”, Journal of Environmental Management, Vol. 84, pp. 115-122.

Wright W F (2005), “Transient response of vapor-phase biofilters”, Chemical
Engineering Journal, Vol. 113, pp. 161-173.

Xi J, Hu HY, and Qian Y (2006), “Effect of opertiﬁg conditions on long-term
perfon;lance of a biofilter treating gaseous toluene: biomass accumulation
and stable-run time estimation”, Biochemical Engineering Journal, Vol. 31,
pp. 165-172.

Zilli M, Borghi M D, and Converti A (2002), “Toluene vapour removal in a

. laboratory-scale biofilter”, Applied Microbiology and Biotechnology, Vol.

54, pp. 248-254.

L]






The Sixth PSU Engineering Conference
8-9 May 2008

Treatment of Air Contaminated with Methanol by Biofilter Packed with
Palm shells or Peanut Shells

Yada Nitipavachon'" Pakamas Chetpattananondh' Kulchanat Prasertsit' Micheal Anthony Connor”
' Department of Chemical Engineering, Faculty of Engineering, Prince of Songkla University,
Hat Yai, Songkhla 90112
? Department of Chemical and Biomolecular Engineering, Faculty of Engineering,

The University of Melbourne 3052
E-mail: phednooy@hotmail.com’

Abstract

Air contaminated with methanol was treated by two
biofilter systems. One was packed with mixture of
palm shells and activated sludge and another was
packed with mixture of peanut shells and activated
sludge. The peanut shell has a larger porosity and
BET surface area than the palm shell while a bulk
density is lower. The pH is closed to neutral for
peanut shell while acid for palm shell. The
experiments were carried out with methanol inlet
concentration in the range of 1-10 g/m’ at air flow rate
of 0.1 m’/h. The critical elimination capacities of the
palm shell system and peanut shell system were 32
and 60 g/m’h, respectively. The maximum elimination
capacity of the two systems was not reached yet.
Removal efficiency was predominantly influenced by
inlet concentration and height of media than ambient
temperature and ‘relative humidity in the air.
Performances of the two biofilters were fitted to the
simple equations in relation to inlet concentration and
height of media.

Keywords: biofilter, biofiltration, methanol, palm
shells, peanut shells

1. INTRODUCTON _

Volatile organic compounds (VOCs) are
substances which easily vapor at ambient temperature
and pressure. They are widely used in chemical,
petroleum, color, paint, coating and printing industries
[1,2,3,4]. Waste gas streams from these sources are
often characterized by high flow rates and low
pollutant concentrations of less than 2000 ppm [I].
Methanol is grouped as hazardous air pollutants in the
1990 Clean Air Act Amendments [5.6]. Methanol
may®cause skin irritation, central nervous system
depression, kidney damage and possible death due to
respiratory failure [7]. Therefore, it is vital to control
the amount of methanol in air to preserve human
healh and environment.

#VOCs can be treated by many technologies, for
instance incineration, adsorption, absorption and
condensation [1,8]. However, these technologies are

not economically effective for the treatment of gases
with low concentration of pollutants.

Alternatively, biofiltration is a lower cost and
more environmental friendly technology accepted
recently [5]. Any porous materials capable of
adsorbing gaseous compounds and supporting
biological growth can possibly be used as packing
media in biofilter. The packing materials commonly
used include natural materials such as peat, compost,
soil, and sludge from sewage treatment plants and
synthetic materials such as vermiculite, granular
activated carbon, and extruded diatomaceous earth
pellets [2]. Ramirez-Lopez et al. [9] studied the
characteristics of five different agricultural by-
products; rice husk, maize stubble, bagasse, coconut
shells and peanut shells for their potential use as
biofilter carriers and peanut shells were reported to be
the suitable carriers without any validation by
biofiltration experiment.

In this study, the palm shell biofilter and peanut
shell biofilter for treatment of air contaminated with
methanol were compared. The experiments were
operated at methanol concentration of 1-10 g/m® and
air flow rate of 0.1 m’/h.

2. MATERIALS AND METHODS
2.1V0C

Methanol (99.5%) was obtained from Merck,
Germany.
2.2 Packing Materials

Palm shells and peanut shells were sized in the
range of 0.5-1 cm. The biofilter media were a mixture
of palm shells or peanut shells and activated sludge
from food manufacturers in Songkla province in the
proportion of 1:2 by velume.
2.3 Biofiltration Experiments

Two bench-scale biofilters made of acrylic were
used. Each biofilter consists of three equal segments
connected in series (Figure 1). Each segment has a
diameter of 9 ¢cm and a height of 30 em (being filled
to a height of 20 cm with equal amounts of the
prepared filter-bed media).



The artificial waste gas fed to the biofilter was
produced by mixing two different air streams, one
passing through a humidifier and the other passing
through a column containing methanol.

The concentration of methanol was varied by
modifying the flow rate of air passing through that
column. Water was occasionally sprayed to the
biofilter to control the bed moisture content and air
relative humidity,
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Figure 1. Experimental set up

2.4 Analytical Methods

Gas samples were taken by vacuum glass bottle
(0.01 liter) at different ports of the biofilter. Toluene
concentration was analyzed by a gas chromatography
unit (HP 6890, Heylett Packard) equipped with a
flame ionization detector (FID) using a 30-m capillary
column (HP-I, ecrdsslinked methyl siloxane). The
temperature of the injection port, the oven, and the
detector were maintained at 180, 50, and 200°C,
respectively.

Temperature and relative humidity were
monitored via AP-104 (Sila Research Co., Ltd.,
Thailand). BET surface area was measured by
SA3100 surface area analyzer (Coulter, USA) while
pH was measured by adding 1 g of packing material
in 30 ml of DI water and shaking for 30 minutes
following by detecting pH with a pH meter.

2.5 Performance Parameters

Biofiltration studies was performed on the level
of the VOC inlet load (IL) while the performance of
the biofilter can be expressed in terms of the pollutant
removal efficiency (RE) and the elimination capacity
(EC). The definitions for these three parameters are
given by Equations 1-3:

- ]LZ% (])
RE ( m&}doo 2)
Pl C;
r: EC:———QX(C'*C") (3)
A%

3. RESULTS AND DISCUSSION
3.1 Characteristics of the Packing Materials

The peanut shell has a larger porosity and BET
surface area than the palm shell while a bulk density
is lower. The pH is closed to neutral for peanut shell
while acid for palm shell as shown in Table 1. From
these characteristics the peanut shell would be
considered a more suitable packing material for
biofiltration.

Table 1. The physical characteristics of palm shells
and peanut shells.

Characteristics Palm shells Peanut
shells
Pellet size {cn} 0.5-1 0.3-1
BET surface area (m*/g) 0.338 0.959
pH 4.94 6.1
Bulk density (kg/m®) 490 71
Porosity (%) 63 30

3.2 The Overall Performance

At the initial time, the biofilters packed with
palm shells and peanut shells could remove methanol
closed to 100%. This state was predominant by
adsorption and absorption mechanisms. After that, it
was bacterial acclimatization and desorption periods,
which the removal efficiency decreased. These four
mechanisms are included in start up period, which
were about 20 days for the palm shell system (Figure
2) and 23 days for the peanut shell system (Figure 3).
Three ranges of inlet concentration were carried out;
stage A for inlet concentration less than 2 g/m’, stage
B for inlet concentration of 2-4 g/m’, and stage C for
inlet concentration of 4-8 g/m’. At stages A and B
both biofilter systems could remove methanol up to
99%, while at stage C average removal efficiency of
67% was observed for the palm shell system and 79%
was observed for the peanut shell system. Then, the
biofilters might need more time to be acclimatized
with the inlet concentration higher than 4 g/m’.

In addition, the efficiency of system can express
by elimination capacity [3]. At low inlet load the
elimination capacity was equal to the inlet load (RE
100%) while at high inlet load the elimination
capacity was less than the inlet load (RE < 100%).
The point generating removal efficiency less than
100% is called the critical load or critical elimination
capacity (EC,,) which was 32 g/m’.h for the paim
shell system (Figure 4) and 60 for the peanut shell
system (Figure 5). The performance of biofiiter
packed with palm shells or peanut shells was
comparable to the biofilter packed with compost or
compost and perite (Table 2). The maximum
elimination capacity was not reached yet for our
biofilters as EC still increased with inereasing of L.
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packed with palm shells.
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Figure 5. Inlet load and Elimination capacity of the
biofilter packed with peanut shells,

Table 2. Performance comparison between this work
and other biofiltration studies.

Study Biofilter media | EC,,
{g/m’h)

Shareefdeen et al. [10]
Lee et al. [11]

Compost/perite [ 50-80
Compost/perite | 10-20

Briggs [12] Compost 42

Johnson & Deshusses [13] | Compost 30-35

This study Palm shell 32
Peanut shell 60

3.3 Influence of Inlet concentration and Height of
Media on Removal Efficiency

Removal efficiency in each stage of the biofilter
(height of media at 20, 50, and 80 cm) was evaluated
over the 3 ranges of inlet concentration. It can be seen
that RE increased with increasing of height of media
for both palm shell system (Figure 6) and peanut shell
system (Figure 7). At a height of 80 cm, RE in the
range of concentration 1-2 and 2-4 p/m’ was 97%
averagely for both biofilters. At concentration higher
than 4 g/m’, RE was down to 64.5% for the biofilter
packed with palm shells and 72% for the biofilter
packed with peanut shells. Thus, the RE decreased
with increasing of inlet concentration.
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Figure 6. Variation in the removal efficiency of the
biofilter packed with palm shells for each range of
inlet concentration in a function of height of media.
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Figure 7. Variation in the remowval efficiency of the
biofilter packed with peanut shells for each range of
inlet concentration in a function of height of media.
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The influence of inlet concentration and height
of media on RE was further investigated. All trend
lines of experimental data were best fitted to
polynomial equations with order of 3. For the palm
shell system (Figure 8), similar trend lines of height at
50 and 80 ¢m were observed, while the trend line of
height at 20 was opposite side. The RE50 was closed
to RE80. This implies that a height of 50 cm of palm
shells was probably enough for treating methanol at
inlet concentration less than 5 g/m’. For the biofilter
packed with peanut shells (Figure 9), removal
efficiencies at height of 80 cm were clearly higher
than the height of 50 cm.

The empirical equations in relation to inlet
concentration (IC) and height of media (H) for
performance of the two biofilters were generated by
Excel Solver in Microsoft Office and can be presented
as in Equation 4 where a, b, ¢, d, e, and f are the
constant values as shown in Table 3.

RE = alC® + bIC* +cIC+dH? +eH +f H
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Figure 8. Variation in the remova! efficiency of the
biofilter packed with palm shells for each height of
media in a function of inlet concentration.
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Figure 9. Variation in the removal efficiency of the
biofifter packed with peanut shells for each height of
media in a function of inlet concentration.

3.4 Influence of Temperature, Relative Humidity
and Other Parameters

*ln our experiments, ambient temperature was not
controlled. So, influence of the ambient temperature
on performance of the biofilters was investigated.
Over the study period of 57 days the ambient
temperatures were varied in the range of 24-30°C.

The inlet temperatures were depended up en the
ambient temperatures. The outlet temperatures were a
bit higher than the ambient and inlet temperatures as
shown i Figures 10 and 1[, which indicates the
activity of the microorganisms in the biofilters.

Table 3. The constant values of empirical equations
for performance of biofilters packed with palm shells
and peanut shells.

Constant { The palm shells The peanut shells
value system system

a -5.30 -0.08

b 37.18 2.87

< -90.4 -21.08
d -0.01 -0.13

e 1.64 1.89

f 112.83 71.53
R’ 0.84 0.79
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Figure 10. Ambient temperature, inlet temperature
and outlet temperature measured for the palm shell
system.
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Figure 11. Ambient temperature, inlet temperature
and outlet temperatures measured for the peanut shell
system.

The relation of outlet temperature and
efimination capacity was presented in Figures 12 and
13. In general it may be observed that elimination
capacity increased with increasing of outlet
temperature. However, the influence of outlet
temperature was less affected to elimination capacity
compared with inlet concentration and height of
media.
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Figure 13. Outlet temperature (T) and the elimination
capacity (EC) in the peanut shells packing system.

Relative humidlty at the inlet and each section of
biofilter was also measured. Relative humidity at the
inlet was kept higher than 90% to minimize drying
effect reported by Morales et al. [14]. The relative
humidity in the biofilters was observed to be higher
than the relative humidity at the inlet (Figure 14 and
15). This points out that our biofilters were in
saturation condition. The biofilm was developed and
covered all sections of the biofilters with probably
most plenty at the top section (height of media 80
cm). This s because the inlet was fed from the bottom
section leaded to high loading of methancl, which
may suppress the growth of biofilm at the bottom
section of biofilters.
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Figure 15. Relative humidity (RH) at the inlet and
each section of the biofilier packed with peanut shells.

For all over the operating period of 57 days,
pressure drops of both biofilter systems were still zero
mmH,O (Figure 16). Similarly, pH of both packing
media was maintained at 7, These values of pressure
drops and pH were proper for microorganism growth.
Adding of chemical to adjust pH or washing step to
reduce the pressure drop was not necessary yet.
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Figure 16. Pressure drop (P} and pH in the palm and
peanut shells packing system.

5. Conclusion

Air contaminated with methanol at concentration
less than 4 g/m’ could be treated with the biofilter
packed with palm shells or peanut shells with removal
efficiency up to 99%. Removal efficiency and
elimination capacity decreased with increasing of
inlet concentration. From physical characteristics
peanut shells may considered as more suitable
packing media for biofilter. In addition, the critical
elimination capacity of the biofilter packed with
peanut shells was higher. However, when considering
the removal efficiency for each section of the biofilter
only 50 cm height of palm shell packing was required
to treat methanot at low concentration of less than 3
o/m’, while 80 cm of peanut shell packing was
needed. Therefore, palm shells may be more proper
used when the air was contaminated with very low

LR L

&0

1]

&t

0

30
Time (Days)

40

S

ol

I!igure 14. Relative humidity (RH) at the inlet and
each section of the biofilter packed with palm shells.

concentration of methanol. For both biofilter systems
the maximum elimination capacity was not reached.
Therefore, higher flow rate of air or higher inlet
concentration of methano! will be possibly treated.
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Abstract: Air contaminated with volatile organic
compound (VOC), methanol or toluene, was treated by
two biofilter systems. One was packed with mixture of
patm shells and activated sludge and another was packed
with mixture of peanut shells and activated sludge. The
BET surface area of peanut shell was about 1.27 m/g,
which is larger than the palm shell (0.26 m%/g). The pH
was closed to neutral for peanut shell (6. 1) while acid for
palm shell (4.94). The experiments were carried ont with
VOC inlet concentrations in the ranges of 1-9 g/m’ at air
flow rates of 0.06-0.3 m”/h. The maximum elimination
capacities of the palm shell system and peanut shell
system were 168 and 198 g methanot/m>h and 129 and
145 g toluene/m’h, respectively. Although, the maximum
elimination capacities of the peanut shell biofilters were
higher than the palm shell biofilters, in the long term
operation, palm shells may be considered as more
sunitable packing media .because of their stability
property. After 100 operating days of toluene removal,
the organic carbon content’in the packing media reduced
frem 52 % to 7 % for peanut shells and from 51 % to 28
Y for palm shells. The media height loss was about 0.5
cm for peanut shell biofilter and 0.1 em for palm shell
bicfiter. The primary microorganisms in the peanut
shell systems were different from those in the palm shell
systems.

Introduction .

Volatile organic compounds are generally emitted
by chemical manufacturing, food processing, furniture
manufacturing, and petroleum industry [1]. Methanel
and toluene are met in these sources and grouped as
hazardous air pollutants in the 1990 Clean Air Act
Amendments [2-3]. Methanol may cause skin
irritation, central nervous system depression, kidney
damage and possible death due to respiratory failure.
In the long term in contacting, toluene cause damage
liver and" kidney. Therefore, it is vital to control the
amount of methanol and toluene in air to preserve
human health and environment.

Biofilfration is currently the most used blologlca]
gas treatment technology because it is suitable for the
treatment of polluted airstreams with high volumetric
rates and low pollutant concentrations {4-6].
proceeding, contaminants are transferred from an air
stream into a biofilm immobilized on a packing
material and then, microorganisms biodegrade

contaminants into environmentally acceptable end
products including CO,, water, and biomass.

Any porous organic materials capable of adsorbing
gaseous compounds and supporting bivlogical growth
can possibly be used as packing media in biofilter,
such as yellow straw, peanut shell, rice husk and,
coconut shell [7]. Biofilter performance is highly
dependent on the nature of the carrier material, such as
specific surface area, porosity, density, water holding
capacity and the nutrients availability [8-9].

An objective of this work i1s to study the
performances of peanut shell biofilter and palm shell
biofilter on removal of methanol or toluene. Physical
and chemical characteristics of peanut shells and palm
shells were ‘mvestigated. The biofilter experiments
were operated at concentrations of 1-9 g/m’ and the air
flow rate of 0.06-0.3 m’/h.

Materiails and Methods

Packing Materials: Palm and peanut shells were
sized in the range of 0.5-1 cm. The biofilter media
were a mixture of palm shells or peanut shells and
actjvated sludge from food manufacturers in Songkla
provinee in the proportion of 1.2 by volume.

Biofiltration Operation: Four bench-scale biofilters
made of acrylic were used for the removal of pure
methanol or toluene. Each biofilter consists of three
equal segments connected in series (Figure 1). Each
segment has a diameter of 9 cm and a height of 30 cm
(being filled to a height of 22 cm with equal amounts
of the prepared filter-bed media). The artificial waste
gas at ambient temperature fed to the based of biofilter
was produced by mixing two different air streams, one
passing through a humidifier and the other passing
through a column contaming VOC. The concentrations
of VOCs were varied by modifying the flow rate of air
passing through that column. Water was occasionally
sprayed to the biofilter to controi the bed moisture
content and air relative humidity.

Measurement of variables and parameters: Gas
samples were taken by vacuum glass bottle (0.01 liter)
at different ports of the biofilter. Toluene and
methanol concentration were analyzed by a gas
chromatography unit (HP 6890, Hewlett Packard)
equipped with a flame ionization detector {FID) using
a 30-m capillary column {HP-1, crosslinked methy)

"



siloxane). The temperature of the injection port, the
oven, and the detector were maintained at 180, 50, and
200°C, respectively.

Figure 1. Experimental set up

Temperature was monitored via AP-104 (Sila
Research Co., Ltd., Thailand). Particle sizes were
- determined by direct measurement. pH was measured
by adding 1 g of packing material in 30 ml of D1 water
and shaking for 30 minutes following by detecting pH
with a pH meter. Packing density was determined by
filling a 250 ml flask with the material and weighting
it before and afier. The void fraction of the packing
material was determined by submerging it in a known
volume of water, the volume of water added per
volume of material gives directly the void fraction [7].
BET surface areas were analyzed by SA3100 surface
area analyzer (Coulter, USA). Organic carbon was
calculated from Eq. 1 -
Organic _carbon = 100 — (Yash + Yemoisture }x 0.58 M
The physical characteristic of packing media and
microorganisms was observed by scanning electron
microscopy, SEM (JSM-5800L V, JEOL).
Performance Parameters: The mass loading rate or
inlet load (IL) is the mass of contaminant entering the
biofilter per unit volume of filler material per unit
time. Performance of ihe biofilter can be expressed in
terms of the pollutant removal efficiency (RE) and the
climination capacity (EC). The definitions for four
parameters are given by Eq. 2-4:

L= C.xQ )
v
RE=S%"Cn ygg )
C.
EC___CM—Cner (4)
- J’ -

where C;, and C, are the inlet and outlet concentration
(g/m®), Q is air contaminated flow rate (m’/h), and V is
volume of packing media (m°).

r
Results and discussion

Characterization of the Packing Materials: The
peanut shell has a larger porosity and BET surface area
than the palm shell while a bulk density is lower. The

pH is closed to neutral for peanut shell while acid for
palm shell as shown i Table 1. From these
characteristics the peanut shell would be considered a
more suitable packing material for biofiltration,
however, it should be validated with the biofilter
performance.

The BET surface areas of filtering materials before
packing in the biofilter and after operating were
compared. After operating in the biofilters for removal
of methanol the BET swface areas of peanut shells
decreased, while the BET surface areas of paln shells
increased (Table 1). Dissimilarly, the BET surface
areas after operating in the biofilters for removal of
toluene increased for both peanut and palm shells.
However, after operating the BET surface areas of
peanut shells were still higher than those of palm
shells. The BET surface area should be a dominant
parameter when adsorption is a major mechanism,
when biodegradation takes place the effect of BET
surface area on biofilter performance is doubted. This
will be discussed further in the next section.

The organic carbon content in peanut shell before
packing in the biofilters is closed to its content in palm
shell. After operating, the organic carbon content in
both packing media reduced, especially for the peanut
shells used for removal of toluene. These results imply
that the microorganisms also consumed organic carbon
in the packing materia) beside VOC and toluene was
less preferred to take in than methanol as its structure
is more complex.

Tablel. The physical and chemical characteristics.

Characteristics Palm shells | Peanut shells
Particle size (cm) 5] 0.5-1
pH 494 6.1
Packing density (kg/ m°) 490 71
Void fraction (%0} 65 80
BET surface area (m%/g)

Before packing 0.17-0.34 1.23-1.31
. Methanol system 0.29-0.42 0.81-1.04

Toluene system 0.31-0.64 1.29-1.64
Organic carbon (%0}

Before packing 5t 52

Methanol system 40 14

Toluene system 28 7

Response to step foading: After acclimation period
(concentration of 1 g/m* and air flow rate of 0.06
m>/h), the air flow rates in all biofilter systems were
gradually increased to 0.1, 0.15, 0.2, and 0.3 m*/h with
methano} concentrations of 1-3, 3-6, and 6-9 g/m’
(called as stages Cl, C2, and (3, respectively) or
toluene concentrations of 0.1-2, 2-4, and 4-6 g/m’.
From Figure 2 it can be seen that the removal
efficiencies decreased with increasing of methanol
concentration and also air flow rates. At low air flow
rates (0.06-0.1 m’/h) the removal efficiencies of two
packing materials were not significantly different, but
at higher air flow rates the peanut shell system




represented higher efficiencies. This is probably
because of larger BET surface area of peanut shells.

The high impact of flow rate on removal efficiency
is shown again tn Figure 3, which the concentrations
were maintained at stage C2. More accurately, it
should be stated that the removal efficiency declined
with rising of inlet load. Figure 4 shows removal
efficiencies of toluene with air flow rates. At the same
inlet load the toluene removal efficiencies were lower
than the methanol removal efficiencies by the reason
of more complex structure and lower water solubility
of toluene (0.53 g/! at 25°C for toluene and 1,000 g/ at
25°C for methanol).
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Figure 2. The overall performance of the biofilters for
removal of methanol {met); nut = the biofilter packed
with peanut shells and palm = the biofilter packed with
palm shells.
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Figure 3. The removal efficiencies of the biofilters for
removal of methanol at concentration of 3-6 g/m’.
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Figure 4. The removal efficiencies of the biofilters for
removal of toluene at concentration of 2-4 g/m’.

Elimination capacity and inlet load: The

. efficiencies should be expressed by elimination

capacity as it allows for direct comparison of the
results of different biofilter systems because the
volume and flow are normalized by defimition. At low
inlet load, the elimination capacity was equal to the
inlet load (RE 100%) while at high inlet load the
elimination capacity was less than the inlet load. The
maximum elimination capacities were 198 g methanol
/m*h and 145 g toluene /m’h for peanut shell system
and 168 g methano} /m’h and 129 g toluene /m’h for
palm shell system (Figure 5). These confirm that the
peanut shells with larger BET surface areas possess
higher efficiencies than the palm shells. However, the
stability of filtering media should be iaken into
account. The media bed heighis of all systems were
observed. For removal of methanol, the media bed
height loss was about 0.5 cm for peanut shell system
and about 0.1 cm for palm shell system. As the results
of less organic carbon content reduction and less -
media bed height loss, the palm shells may be
considered as more suitable packing media for a long
term operating biofilter.
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Figure 5. The inlet loads and elimination capacities of
all biofilter systems. (tol nut = the removal of toluene
in biofilter packed with peanut shells).

The performances of our biofilter systems are
compared with other studies as shown in Table 3. The
maximum elimination capacities in this study were
comparable to the results obtained by other researchers
as shown in Table 2. This suggests that peanut shells
and palm shells, which are agricultural waste, can also
be used as the packing media for an efficient biofilter.

" Table 2. Performance comparison between this work

and other biofiltration studies.

Study Packing material vocC 1L | EC...
[10] Palm sheii Methano! | 780 230
[11] Lava rock Methano) 182 173

This study Peanut shell Methanol | 410 198
Palm shell Methanol | 380 168

{12} Activated carbon Toluene 263 128
{13} Compost/seashell Toluene 100 82
{14] Compost-based Toluene | N/A 180
This study Peanut shell Toluene 415 143
Palm shell Toluene 333 129




Influence of Temperature: Over the study period of
100 days the inlet temperatures were in the ranges of
25-30°C depended on the ambient temperatures. The
temperatures in the biofilter were higher than the inlet
temperatures (Figure 6). The temperatures at media
heights of 50 and 80 cm were about the same, while
lower at the height of 20 cm. These results could be
implied that there were more active microorganisms in
the sections 50 and 80 cm. Figure 7 presents the outlet
temperatures and elimination capacities. There is no
distinctive relation between them.
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Figure 6. The inlet temperatures (Tin) and
temperatures of each section in the peanut shell
biofilter for methanol removal; T1, T2, and T3 = the
temperatures at media heights of 20, 50, and 80 cm,
repectively).
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Figure 7. The outlet temperatures (T) and the
elimination capacities (EC) in the peanut shell biofilter
for methanol removal.

SEM analysis: From SEM microphotographs
(Figure 8), higher microbial density was shown for the
biofilters packed with peanut shells. The dominant
microorganisms in the peanut shell system were
coccus colonies while mycelial structures in the palm
shell system. Insaddition, the primary microorganisms
for removal of methanol seem different from those
observed for removal of toluene. The microorganisms
in palm shell - biofilter observed for removal of
methanol in this study looks similar to our previous
work [10]. These suggest that the types of predominant
microorganisms also depend on a type of packing
material beside a type of VOC.
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Figure 8. The SEM microphotographs of the peanut
shells in a) methanol system and b) toluene system and
palm shell in ¢) methanol system and d) toluene
system.

Conclusions

The industrial application of biofilter systems
requires the high efficient filtering materials, which,
apart from being cost effective, are their stability. The
biofilter packed with peanut and palm shells could
treat methanol up to 198 and 168 g/m’h, respectively
and could remove toluene 145 and 129 g/m’h,
respectively. Although the elimination capacities of
biofilter packed with palm shells were little lower than
peanut shells, the palm shells are more suitable for the
long term operating biofilters.
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