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Abstract

A dynamic botanical air filtration (DBAF) system was developedetkeahd
modeled for indoor air purification. The DBAF system consisted of an
activated-carbon/hydroculture-based root bed for potted-plant, a fan forgdaiv
through the root bed for purification, and an irrigation system for maintaining proper
moisture content in the root bed. Results from test conducted in a full-scale open
office space indicated that the filtration system had ability to supply eliea
equivalent to 80% of required outdoor air supply for the space. The DBAF was
effective for removing both formaldehyde and toluene at 5 to 32% volumetric water
content of the root bed. It also performed consistently well over the relatively lon
testing period of 300 days while running continuously.

In order to improve the understanding of the mechanisms of the DBAF system in
removing the volatile organic compounds, a series of further experiments were
conducted to determine the important factors affecting the removal performatice, a
the roles of different transport, storage and removal processes. It was faund tha
passing the air through the root bed with microbes was essential to obtainghdanin
removal efficiency. Moisture in the root bed also played an important role, both for
maintaining a favorable living condition for microbes and for absorbing water-solubl
compounds such as formaldehyde. The role of the plant was to introduce and maintain
a favorable microbe community that effectively degraded the VOCs that wer
adsorbed or absorbed by the root bed. While the moisture in a wet bed had the

scrubber effect for water-soluble compounds such as formaldehyde, presence of the
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plant increased the removal efficiency by about a factor of two based osulis re
from the reduced-scale root bed experiments.

A mathematical model was also developed for predicting the smbitbag term
performance of the DBAF with model parameters estimateah fthe experiments.
The simulation results showed that the model could describe the nerelssp and
airflow relationship well by using the air permeability asnadel parameter. The
water source added in the model also lead to the similar loésture content and
outlet air RH as that in real test case. The simulationtsesldo showed that the
developed model worked well in analyzing the effect of diffeparameters. It was
also found that the critical bio-degradation rate constant was® 11 (elow which
the DBAF would not be able to sustain the formaldehyde removal penfoe. The
bio-degradation rate constant of the reduced scale DBAF tesgedstimated to be in
the range of 0.8-1.5x1'xs™.

Whole building energy simulation results showed that using the DBAF
substitute 80% of the outdoor air supply without adversely affectingnteor air
quality could result in 30% saving in heating, 3% in cooling and 0.7% in pump energy
consumption per year at the climate of Syracuse, NY (Zone 5). A highenfzgeef
energy savings was found to be achievable for climate zortesawhigher annual

heating load (e.g., climate zone 6 and 7).
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Nomenclature

Al - Surface area of the pellets exposed to the bulk 4jr, m

Cy - Gas phase concentration in the fixed bed, ppm or Afaitth

covee - Gas phase VOC concentration (mass fraction), kg(VOC)/kg(air);

Co - Gas phase concentration in the pores of sorbent pellet, ppm or
mg/nt(air);

Cs - Sorbed phase concentration, ppm or nigfmatrix);

d - Diameter of the spherical sorbent pellet, m;

Dm - Molecular diffusion coefficient, ffs;

h -Sorbent bed depth, m;

H -Henry’s law constant, ffim?,

Kingoss - The VOC mass transfer coefficient between gas and solid, m/s;

Kingol - The VOC mass transfer coefficient between gas and liquid, m/s;

K, - Air permeability through the medid; s

Kma -VOC patrtition coefficient between concentration in sorbent material

and in gas (air), correspondingag kg/nt(material)/ (kg/m(gas))

Mo - Mean pore radius, cm;

rs - Radius of the sorbent pellet, m;

T - Temperature, K;

M - Molecular weight of target compound, g/mol,

Q - Air flow rate through the sorbent bed¥/m

Us - Superfacial velocity or face velocity (=flow rate/ bed cross section
area), m/s;

u -Interstitial velocity of sorbent bedz= usgp, M/s;

V bed - Volume of the sorbent fixed bedm

VRev - Representative elementary volumé; m

&b - Sorbent bed porosity, mas)/ni (REV);

Xiv
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& - Sorbent pellet porosity, ¥pore)/ni(sorbent);

o - Adsorption flux into sorbent pellet, kg/s;

ag‘fﬁg - Exchange between gas and liquid, kdg)m

ovees - Any source or sink of gas phase VOC components, fg){(m

Oy - Total VOC mass density per REV, kG/(REV);

Polouv - Gas phase VOC mass density per REV, RGREV);

Py’ - Intrinsic gas phase VOC mass density in gas, k(gas)

fodeuwils - Pore VOC mass density per REV, kii#avy;

Lo - Intrinsic gas phase VOC mass density in the pore,gim

O’ - Sorbed phase VOC (in sorbent material) mass density per REV i
chemisorption model, kg/frev;

ol - Intrinsic sorbed phase VOC mass density in sorbent material in
chemisorption model, kg/fRateriai

Dair - Density of air, kg/m

Pm - Density of sorbent material, kgm

PVOC - Density of liquid VOC, kg/rf

v - Kinetic viscosity, M/s;
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Acronym

Term Definition

ACH - Air change per hour

CADR - Clean air delivery rate

CFM - Cubic feet per minute

DBAF - Dynamic botanical air filtration

EPA - Environmental protection agency
GC/MS - Gas chromatography-mass spectrometry
HVAC - Heating, ventilation, and air conditioning
HPLC - High-performance liquid chromatography
IAQ - Indoor air quality

LPM - Liter per minute

ppb - Part per billion

ppm - Part per million

PTR-MS - Proton transfer reaction - mass spectrometer
RH - Relative humidity

SPE - Single pass efficiency

VOC - Volatile organic compound

VWC - Volumetric water content
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Chapter 1.Introduction
1.1 Background and Problem Definition

Indoor air quality (IAQ) is a very important issue today because it can
significantly affect people’s health, comfort, satisfaction and productivity.
Environmental Protection Agency (EPA) studies of human exposure to air pollutants
indicated that indoor air levels of many pollutants may be two to five times — and
occasionally, more than 100 times — higher than outdoor level (U.S. EPA, 2000). In
recent years, comparative risk studies performed by the EPA andesathnsory
board (SAB) have consistently ranked indoor air pollution among the top five
environmental risks to public health. The importance of indoor air quality is also due
to the amount of time that people spend indoors. People nowadays in industrialized
countries spend more than 90% of their lifetimes indoors (NRC, 1981). In the United
States, for example, every day an average working person spends 22 hours and 15
minutes indoors and one hour in cars or in other modes of transportation — another

type of indoor environment (Meyer, 1983).

Three strategies for improving indoor air quality are commonly used: pollution
source control, ventilation and air purification. Air purification, as an important par
of integrated control strategies to improve IAQ in an energy-efficient and
cost-effective manner, has received more and more attentions in reasniryea
general, indoor air purification includes removal of particulates, bio-conéents and
gaseous contaminants. Volatile organic compounds (VOC), which belong to the

1
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category of gaseous contaminants, represent a major class of indoor polludants a
can cause offensive odors, skin and membrane irritations and chronic health problems

including cancer at elevated exposure level.

Presently, there is no single fully satisfactory method for VOC removwval fro
indoor air due to the difficulties linked to the very low concentrat;i(gﬂin(l3 range),
diversity, and variability at which VOC are typically found in the indoor envirartme
Technologies used in current products for removing gaseous pollutants include:
sorption by activated carbon, ultraviolet photocatalytic oxidization or UV-PCO,
plasma ionization, ozone ionization, and bio-trickling filtration. Each of them has its
own limitation. Sorption by activated carbon is a highly effective way to remove
indoor VOC, but at the same time it has the problem of high pressure drop and does
not perform well in removing lighter compound like formaldehyde. Some
commercially available ionization and UV-PCO were found to have litteeeiih
removing VOC (Chen et al., 2005). Plasma and ionization products emit ozone as a
by-product, which could cause health concerns in rooms with low ventilation rates. |
ozone ionization, residential ozone due to incomplete reaction is also of concern not
only because @is a harmful compound by itself, but also because of the harmful
reaction byproducts it can produce. The bio-trickling filtration is usuallyiegppi
removing high concentration pollutants and specified for water soluble compounds,

such as acetone and methanol.

Several studies have demonstrated the potential of biological methods to remove

indoor VOC (Wolverton et al., 1984; Wolverton et al., 1989; Darlington et al., 2000;
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Darlington et al., 2001; Chen et al., 2005; Orwell et al., 2006; Wood et al., 2006).
Nevertheless, there are very limited data available to understand thedmagmeval
mechanisms in these systems and there are apparent mismatches between
experimental observations and theoretical results from transfer-based rffdél
Zarook et al., 1996; Joseph S. Devinny and J. Ramesh, 2005) on biological air

treatment.

Common indoor plants may provide a valuable weapon in the fight against rising
level of indoor air pollution. Wolverton et al (1984 and 1993) found that many
decorative plants to be surprisingly useful in absorbing potentially harmfid gade
cleaning the air inside modern buildings. However, there are very limitad dat
demonstrating the effectiveness of botanical air filtration at teadiad full-scale
ventilation conditions and inadequate understanding of the true removal mechanisms

in these systems (Guieysse et al., 2008).

How well do house plants perform when they are used as cleaner for improving
indoor air quality? In the 1990s, a published research indicated that potted plant can
remove 9.2-90% formaldehyde, benzene or xylene in a small-sealed-chamber
(Wolverton et al., 1993). The pollutant reduction by plant seems remarkable at first
glance. Nevertheless, another statbarly explained that the pollutant reduction from
above research was achieved by a high plant loading in chamber (approximately one
plant per 0.5 ), which is far in excess of what would be reasonable for indoor
environment (Girman et al., 2009). To achieve the results equivalent to those of

chamber studies, 680 plants would be needed for a 340500 ff) resident house.
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Therefore, the authors’ conclusion was that indoor plants have little benefit for

removing indoor air VOC in residential and commercial buildings.

Still, because all the studies reviewed by Girman were based on a sitigb p
plant and most of these studies focused on the pollutant static removal by plant leaves,
it is still too early to make the general statement that indoor plant isfioodrefto
remove indoor air VOC. One study has shown that three plants in a real office of
average area 13volume 32.5 ) were more than enough reduce TVOC by up to
over 75% (indoor ambient level, without plants, ranging from 80 to 450 ppb),
maintaining level at below 100 ppb, with or without air-conditioning (Wood et al.,
2006). Studies have shown that VOC could become the potential carbon source for
microbial communities in soil from the rhizosphere of plant (Wolverton et al., 1989;
Fan et al., 1993; Holden et al., 1997; Owen et al., 2007). Moreover, assimilation and
metabolism of formaldehyde by plant leaves appear unlikely to be of value for indoor
air purification due to the low uptake rate (Schmitz et al., 2000). Especially, studies
had demonstrated that it was the microorganisms of the potting mix that were the
primary removal agents, with the plant mainly being responsible for nmanga
root-zone microbial community (Orwell et al., 2004 & 2006). Therefore, if the
polluted air also can be introduced into plant root system and degraded by the
microorganisms there, the removal capacity of the plant would be higher than the

potted plant with leaf effect only.

A dynamic botanical air filtration system based on the principle of ptisorby

wet-scrubbers, physical adsorption by activated carbon, and VOC consumption by
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microbes in the plant’s root system was developed (Figure 1-1). The sygibes a
mixture of activated carbon and porous shale pebblesoabed of some special

plants, which will have microbes growing in the root system. The filtrajistes is
operated with periodical irrigation and airflow passing-through, therefore igdsor
pollutant, especially VOC will be adsorbed by the activated carbon sorbent, and the
wet root bed will be a scrubber for formaldehyde, which is a water soluble compound.
The adsorbed and/or absorbed organic compound can be degraded by the
microorganisms, which will regenerate the sorbent based root bed. At the re&me ti

the purified air will be returned to indoor environment to improve indoor air quality.
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Figure 1-1Main mechanisms of the air purification in this combined technique

In general, the VOC transport, adsorption/absorption and decomposition

mechanism in the whole bio-filtration system may include:

VOC Mass Transfer between Pelletdn fixed-bed adsorption, in addition to
convection by mean airflow, diffusion and mixing of adsorbates in fluid occur as a
result of the adsorbate concentration gradients and the nonuniformity of fluid flow
This effect gives rise to the dispersion of adsorbates, which takes placdaibrige

direction of main fluid flow (axial dispersion) and the direction transverse todire m
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flow direction (radial dispersion).

VOC Interphase Mass Transfer.The transport of adsorbable compounds from
the bulk of the gas phase to the external surface of adsorbent pellets (activiade) c

constitutes an important step in the overall uptake process.

VOC Absorption by Wet-scrubbing. In the context of air-pollution control,
absorption involves the transfer of a gaseous pollutant from the air into a cantacti
liquid, such as water. The liquid serves as a solvent for the pollutant. Water film
formed on the surface of pebbles or activated carbon pellets act as wetis;robbe

which water soluble compounds like formaldehyde in the air can be absorbed.

VOC Physical Adsorption by Activated Carbon.Activated carbon is a widely
used adsorbent to remove indoor air VOC. When indoor air passes through the
sorbent bed, these water insoluble compounds like toluene will be physically adsorbed

by activated carbon.

VOC Consumption by Microorganisms.The microbes formed by the root
system of plant may consume the absorbed or adsorbed VOC as a food source. In this
way, the saturated activated carbon might be reactivated, which means more VOC
could be removed and there is no need to replace the activated carbon as long as the

microorganisms remain active.
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1.2 Objectives and Scopes

The primary goal of the present study was to improve the understanding of VOC
removal mechanisms and factors impacting the performance of dynamic abéanic
filtration system, and model the processes involved in the filter system, including
VOC adsorption, absorption and their biodegradation by microorganisms in the plant
root under realistic conditions. This was attempted through the following ispecif

objectives:

1. Characterize the air flow, thermal and moisture conditions in the root bed and
their effect on VOC removal efficiency, as well as indoor air temperatde
humidity;

2. Study the influence of water content (WC) of sorbent material on the

adsorption of water soluble/insoluble VOC, such as formaldehyde/toluene;

3. Conduct experimental investigation of the performance of the full-scte fil
in laboratory condition (relatively high concentration level: 1~3 ppm), as well as in

real-world condition (relatively low concentration level: 2~17 ppb);

4. Conduct further experimental investigation of VOC removal mechanisms and

determination of bio-degradation rate by using a small-scale filter;

5. Develop a numerical model to simulate the processes with a combination of
VOC adsorption, absorption and bio-degradation that exist in the filter system, and

improve the filter design;
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6. Use the model to propose an improved design of a sorbent biofilter system
and predict potential energy benefit for commercial building due to the use of

dynamic botanical air filtration system.

Experimental investigation and modeling of an integrated
sorbent-biofiltration system for air purification

A A

Experimental investigation Modeling and simulation
@) Hygrothermal condition: CHAMPS

RH, T &WC
) VOCs adsorption: 5 l

WC effect on its capacity ®)

Sorbent biofilter model,
|:| Input parameters,

®) Formaldehyde absorption: Validation data

WC effect, solubility
4 VOCs and Formaldehyde biot

degradation: degradation rate

3~ Improved understanding & P Improved and
on DBAF Validated model
4 +

(6) Parametric study and Performance simulation

!

Recommendations on
Improved design

Figure 1-20verview of objectives and scopes
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1.3 Dissertation Organization

The rest of this dissertation is organized as follows: in Chapter 2 théulitera
review of currently available methods of improving indoor air quality wese fir
presented, including the principle and limitation. Later, it was focused cettliter
review of biofilter and indoor air quality and biofilter modeling. Major findings of
literature review are summarized and further required research regérelinigfilter
is also identified. Chapter 3 presents the performance testing and ievabiat
dynamic botanical air filtration system at both laboratory relativeji pollutant
concentration level (ppm) and real-world relatively low pollutant concentratieh le
(ppb). In Chapter 4, results from laboratory experiments are discussed to improve the
understanding of VOC removal mechanisms and determine the bio-degradation rat
Chapter 5 describes the numerical model development and implementation. Chapter 6
presents results from the energy simulation for a commercial buildingheitDBAF
integrated under different U.S. climate conditions. Finally, Chapter 7 presents

conclusions and recommendations for future work.

Dynamic botanical air filtration system research involves severaplings,
including botany, microbiology, chemical engineering as well as meclhanica
engineering. This study is primarily from a mechanical engineerig pbview.We
hope that the techniques, tools, methods and results described here will help identify
research opportunities as well as provide a solid foundation for future work in

botanical air filter experimental investigation and numerical modeling.

10
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Chapter 2. Literature Review
2.1 Introduction

As indoor air quality plays a more and more important role in people’s life, the
improvement of indoor air quality becomes one of the critical concerns in buildings. It
is necessary to conduct a literature review to list all the currenablarethods of
improving indoor air quality, compare the difference of their principle, and find out
the limitation of each method. Moreover, the major objectives of the this study was to
improve the understanding of VOC removal mechanisms of dynamic botanical air
filtration system and model the processes involved in the filter systenmetéssary
to review the research that has been done in terms of biofilter experimental
investigation and modeling. It is also necessary to summarize the achievatent a
limitations of studies that have been done and present the further required researche

regarding the botanical air filtration.

The objectives of this chapter were to: 1) review the methods of improving
indoor air quality; 2) review the studies related to bio-filter and indoor airtguayi

review the studies of bio-filter modeling.

11
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2.2 Methods of Improving Indoor Air Quality

Current solutions to poor indoor air quality include removing the pollutant
sources, increasing ventilation rates, and cleaning the indoor air (US Ailugh
certain furniture or appliance manufacturers are already phasitigeouse of
formaldehyde, removing the pollutant sources is only possible when these are known
and control is technically or economically feasible, which is actually seldermaise.
New substances are constantly detected and classified as hazardous armlincasy s
can release compounds for years. In addition, there is fear that many aarslare
still to be discovered (Otake et al., 2001; Carlsson et al., 2000; Muir and Howard,
2006) and preventive approaches might therefore be needed to ensure indoor air
contaminants are maintained below satisfactory levels at all timesaNatutilation
is the easiest alternative but it is often not possible because of outdoor weather,
external pollution conditions (Ekberg, 1994; Daisey et al., 1994), or issues of security,
safety in high buildings, climate control and noise, or being not easy for building
internal zone to realize. Periodical air refreshing is often not affiblecause many
indoor air pollutants are constantly released. Hence, forced ventilatiohosistof
the most common methods used for air treatment (Wargocki et al., 2002). The
improvement of indoor air quality and energy savings are encouraged in the European
Union (EU) and by movements such as the “Green Building” (US Green Building
Council), which means that forced ventilation should be reduced at the same time as
IAQ should be improved. Consequently, there are few alternatives left thanmuyrifyi

12
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the air inside the building.

Existing methods for air purification include combinations of air filtration,
ionization, activated carbon adsorption, ozonation, and photocatalysis (Table 2-1).
These processes can be integrated into the central ventilation system)(or dised
in portable air purifiers (or air cleaner) designed for limited spacesidfti
strategies for particle removal are now well established and include rcatiobis of
filtration and electrostatic precipitation. The situation is still veriedént for VOC
removal. For instance, in a study conducted to compare several commercial ai
purifiers, Shaugnessy et al. (1994) concluded that, although high efficiencygsarti
air filters (HEPA filters) and electrostatic precipitatorgevkighly efficient for
particle removal, none of the techniques tested (HEPA filtration, electcostati
precipitation, ionization, ozonation, activated carbon adsorption) could significantly

remove formaldehyde.

A similar study was recently conducted to compare 15 air cleaners with a
mixture of 16 representative VOC (Chen et al., 2005). The technologies evaluated
included sorption filtration, ultraviolet-photocatalytic oxidation (UVPCO), ozone
oxidation, air ionization and a botanical purifier prototype (where contaminated ai
was blown through the rhizosphere of plants and contaminants were in principle
removed by soil microorganisms, the plants or their enzymes through various
mechanisms). The authors concluded that only the botanical system significantly
removed volatile organic compounds, such as formaldehyde, in contrast to the

13
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Table 2-1 Current and emerging indoor air treatment methods, principle @atidims

Method Principle Limitation

Current methods
Filtration Air is passed through a fibrous mate(@ten coated with . Not work for gaseous pollutant
a viscous substance) . Pressure drop increases as they become saturated.
. Microorganisms can also develop in filters

. Particles reemission might occur.

Electrostatic An electric field is generated to trap chargediplas . Electrostatic precipitators are often combined gt

precipitator with . can generate hazardous charged particles

ionization

Adsorption Air pollutants are adsorbed onto ponmeslia, such as . There is a potential risk of pollutant reemission.
activated carbon or zeolites . High pressure drop

Ozonation Ozone is generated to oxidize pollutants . Only remove some fumes and certain gaseous paitutan

. Might generate unhealthy ozone and degradationuatsd

. Ozone-based purifiers are not recommended by theriéan Lung

Association.
Photolysis High energy ultra violet radiation oxie$ air pollutants and can only remove some fumes and some gaseous mduta
kills pathogens. . might release toxic photoproducts.

. Accidental exposure to UV light is harmful

14
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Photocatalysis

High energy ultra violet radiatisrused in combination with
a photocatalyst (TiO2) to generate highly reackiydroxyl

radicals that can oxidize most pollutants andgdilhogens.

UV irradiation is energy consuming

Suitable for a broad range of organic pollutants.

Emerging methods

Membrane separation

Enzymatic oxidation

Botanical purification

Biofilters and

biotrickling filter

Pollutants are passed throngdmabrane into another fluid

by affinity separation

Air pollutants are transferieth an agqueous phase where

they are degraded by suitable enzymes

Air is passed though a péahsoil or directly on the plants.
The contaminants are then degraded by

microorganisms and/or plants.

Air is passed through a packed bed of a solid suppo
colonized by attached microorganisms that biodegrad

the VOC

This method is normally recommended for highly leddtreams and has not
yet been proven at low VOC levels

If the separated VOC are not reused, membranatfiitr must be completed
with a destruction step.

Little information is however available concernithg efficiency of the
commercial system

New enzymes must be supplied periodically.

The precise mechanisms being unclear

Although the efficiency of botanical purificatiom$ not been fully proven, a
number of devices have been patented and sevenaherxial products are
available.

In one configuration, air was purified through laeaks covered with a

geotextile cloth supporting mosses (Darlingtonle2801).

15
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adsorption processes that generally only satisfactorily removed the poaiiesol

contaminants.

2.3 Biofilter and Indoor Air Quality

Several studies have demonstrated the potential of biological methods to remove
indoor VOC (Wolverton et al., 1984; Wolverton et al., 1989; Darlington et al., 2000;
Darlington et al., 2001; Chen et al., 2005; Orwell et al., 2006; Wood et al., 2006).
Nevertheless, there is little data available on the biological removal Gf fin
indoor air and the removal mechanisms were rarely studied. In a pioneer study
supported by the NASA, Wolverton and co-authors demonstrated the potential of
plants (and their rhizosphere) to remove indoor VOC in sealed chamber. In their
earliest study (Wolverton et al., 1984), the authors found that several plants could
remove formaldehyde at 19,000—46,Q@0n° to levels lower than 2500y ni®
(detection limit) in 24 h. Similar studies were conducted with benzene and
trichloroethylene at more relevant concentrations of 325—-g498° (Wolverton et
al., 1989). It was then found that the 8 plants tested could remove benzene by 47-90%
in 24 h compared to 5-10% in the control tests, and that the rhizosphere zone was the

most effective area for removal.

Orwell et al. (2004) later investigated the potential of indoor plants for removing

benzene in sealed chamber (0.236amd found that microorganisms of the plant

16
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rhizosphere were mainly responsible for benzene removal (40-80°mg)mThese
results were obtained at high initial benzene concentrations (81,000-168,060)

and benzene removal rate increased linearly with the dose concentration, sgggestin
the system might be inefficient under typical indoor air conditions. However, the
same team more recently demonstrated that plants significantly reducstetand

xylene at indoor air concentrations of 768—@&7m > (Orwell et al.,2006) and even

the TVOC concentration in office buildings during field testing at real conditions
(Wood et al., 2006). Unfortunately, the divergences in toluene removal reported in the
studies of Chen et al. (2005) and Orwell et al. (2006) cannot be explained, especially
as the prototype used in the earlier study was not fully described. Many pasamet
such as the interfacial areas, the moisture content, and the type (hydrophobicity

the biomass used can influence pollutant removal in biological purifiers.

Therefore, there is a need for a more coordinated research in the areas Vario
botanical purifiers have also been patented (i.e. US5407470, US5277877) but such
devices have not reached a broad market and no data on pollutant removal at relevant
conditions is available. Research on the development of a commercial biological
purifier has been carried out at the University of Guelph, Canada (Darlingibn et
2000; Air Quality Solution Ltd). In the first configuration, air was purifieetigh
lava rocks covered with a geotextile cloth supporting mosses (Darlington et al., 2001)
This device was operated at relevant influent levels equal to or lower thaigy 308

and displayed a purification efficiency of 30% at the lowest air flow tresteder

17
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was also added to the filter to compensate for water losses through evaporation
(approx. 20 L @ in 120 nf and 640 mroom). In the second configuration, disclosed
in US patent 6,676,091 from the same author, air is forced directly through a vertical
(or slightly inclined) porous material serving as support for hydroponic plants which
its main purpose is to support the activity of pollutants degrading microorganisms i

the rhizosphere.

From the studies herein presented, it appears that the role of plants in botanical
purifier is often suspected to support a microbial activity that is responsible for
pollutants removal. Direct pollutants accumulation or degradation by plants is
however known to occur during phytoremediation of contaminated soils (Newman
and Reynolds, 2004) and the ability of plant leaves to directly take up and remove
pollutants during air treatment is still debated (Wolverton et al., 1984; Schmaitz et
2000; Schaffner et al., 2002). A recent study has suggested that bacteria growing on
plant leaves could also contribute to VOC biodegradation (Sandhu et al., 2007). More
generally, there is growing evidence of the complexity, and importancescdatibns
between plants and bacteria (Dudler and Eberl, 2006) and research in this area is
highly important for IAQ. There is a lack of peer-reviewed data availaliteei
literature and an urgent need to improve our understanding of the fundamental
mechanisms of VOC uptake or release by plants and their microbial hosts
(Kesselmeier and Staudt, 1999). The following discussion will therefore focus on the

more established microbial degradation mechanisms.

18
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2.3.1 Biodegradability of VOC

The biological treatment of organic compounds is based upon the capability of
microorganisms to use these molecules as sources of carbon, nutrients andyor energ
or to degrade them cometabolically using unspecific enzymes. The intrinsic
biodegradability of an organic compound depends on many factors such as its
hydrophobicity to the microbial population, the most soluble being generally the most
biodegradable, or its toxicity. Toxicity effects, which sometimes lih@tbiological
treatment of industrial air, are likely not a problem at the concentrations found in

indoor air (Guieysse et al., 2008) and this will not be discussed further in this review.

Many VOC are rather small molecules that are moderately soluble ard,in fa
are biodegradable (Table 2-2) although certain xenobiotic compounds (§&uedya.,
2008), such as chlorinated compounds (i.e. tetrachloroethylene), may be sedalcitr
Given the high number of VOC simultaneous found in indoor air, and the huge
variations in structures and properties, a biological process suitable for indoor ai
treatment should rely on diverse, versatile and adaptive microbial commumities t
ensure all pollutants are removed. This can be achieved in fixed biofilm based
reactors where high microbial diversity and cell proximity favour celkexahanges

(Molin and Tolker-Nielsen, 2003; Singh et al., 2006), acclimation (long cell residence

19
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Table 2-2 Biodegradability of typical indoor VOC

Substance Biodegradabifity Henry’s law constants Biological treatment
H° (atm ¥  References Inlet Removal Biological References
mol™) concentratioh  Efficiency treatmerft
(mg nt°) (%)
Acetaldehyde 5.8810  US EPA (1982) 18.1-180.9 40-80 B Mohd Adly et al. (2001)
(Ethanal; CHCHO) 5.8810°  Zhou and Mopper (1990)
7.6910°  Sander (1999)
Benzene (GHg) 6.25 10 Staudinger and Roberts 1.6 9-77 B Ergas et al. (1992)
5.5510°  (1996) 0.32-1.28 50t0 60 BF Wolverton et al. (1989)
476 16°  US EPA (1982) 0.048-0.48 20 BF Darlingtion (2004)
Sander (1999)
Formaldehyde 3.3310 Sander (1999) 0.12-0.48 50to 60 BF Wolverton et al. (1989)
(Methanal; HCHO) 3.23 10 Zhou and Mopper (1990) 0.018-0.18 90 BF Darlingtion (2004)
3.1310"  Staudinger and Roberts
(1996)
Naphthalene (¢Hsg) 4.76 10 Sander (1999) 0.494 75 TPPB Macleod and Daugulis

20
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4.76 10°

US EPA (1982)

(2003)

Tetrachlorethylene 1 2.78 10 US EPA (1982) 0.678 0-8 B Ergas et al. (1992)
(Tetrachloroethene; 1.69 10 Staudinger and Roberts 0.36 — 4.80 BTr Torres et al. (1996)
C.Cly) 1.56 100  (1996)
Sander (1999)

Toluene 2 6.67 10 US EPA (1982) 1.88 14-78 B Ergas et al. (1992)
(Methylbenzene; 6.67 10° Staudinger and Roberts 753.5 50 MS Ergas et al. (1999)
CeHsCHy) (1996) 0.226 -0.301 BF Darlington et al. (2001)

0.057 — 0.57 BF Darlington (2004)
Trichlorethylene 1 9.09 10’ Sander (1999) 107.44 30 MS Parvatiyar et al. (1996)
(Trichloroethene; 1.12 10 US EPA (1982) 0.081-0.81 O BF Darlington (2004)
CHCly) 1.00 10 Staudinger and Roberts 0.054 -2.149 50to 60 BF Wolverton et al. (1989)

(1996)

0.01-0.04 0-24 BTr

Torre et al. (1996)

Note:*1=low biodegradability, 2=moderate biodegradahil#ygood biodegradability (Shareefdeen and Sing@52Devinny et al., 1999).

® At standard conditions.

¢ Concentrations close to the average concentratisarved in indoor air.
4B = Biofiltration; MS = Membrane Separation; BfBstanical Filter; TPPB = Two-Phase Partitioning igactor; BTr = Biotrickling Filter.

©In mixture with other compounds
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time) and synergetic effects at various growth conditions by thilisstaent of
substrate concentration gradients through the biofilm (Beveridge et al., 1997,
Marshall, 1994). Completing or combining biodegradation with a physicochemical

post-treatment is also possible to ensure the complete removal of all pollutants.

Finally, great variations in total and individual pollutant concentrations leading,
for instance, to long periods of time when a given compound is not found in the
indoor air could lead to permanent or momentary losses in catabolic ability. Such

effects need to be further studied and possibly prevented as discussed below.

2.3.2 Influence of Low Concentration on Biomass Productivity and Trangf

Rates

During the biodegradation process, the concentration of an organic pollutant in
the micro-environment where the microorganisms are found has a profound impact on
microbial activity and ultimately on the pollutant removal rate. At redsgriagh
substrate concentrations, the organic pollutant can be metabolized and used to
synthesize more biomass in a process that self-regenerates the biodAtiadysthe
concentration is decreased further, a critical level is reached below nduccells
are no longer produced. It is crucial to compare the low concentrations at which
indoor VOC are typically found with known threshold for microbial growth and

biodegradation.
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Guieysse et al.(2008) conducted an analysis to compare typical toluene indoor
concentration with known threshold for microbial growth and biodegradation.
Toluene indoor air concentrations of 0.58+tj7m > have been reported in
Californian office buildings (Daisey et al., 1994). Assuming toluene mustrarsifer
into an aqueous phase before being biodegraded, the maximum aqueous toluene

concentration C;q) at which microorganisms will be exposed to can be calculated

from the Henry’s law constanitlf coefficient:

(2-1)

O
|
T|-o

aq

whereP; is the partial pressure of the target contaminant in the gas phadeisiiig
constant coefficient of Henry’s law. For tolueté=6.67 10° atm n? mol'"; Table

2-2), this will result in acgq of 2-60 ng L* at normal conditions of temperature and
pressure. If toluene is removed by 90%, microorganisms would actually be exposed to
concentrations of 0.2— 6 ng'L(at continuous treatment at a steady state). At such
concentration, toluene can be reasonably considered as the limiting substrate if it

the only carbon source available. By comparison, the threshold growth concentration
of bacteria from drinking-water biofilm has been estimated to abowigOLT* (Van

der Kooij et al., 1995) which is in the same range of reported toluene mineralization a
aqueous concentrations of @@ L™ with active bacteria (Roch and Alexander,

1997). Hence, from the data currently available, it seems unlikely that indMD@ir

can support growth.
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In the same study, from other side, the authors (Guieysse et al., 2008)
represented that the specific cell production rate at typical toluene indoor
concentrations should range from 5x.7x10° h™*, which are far below the death
cells coefficients for Pseudomonas putida F1 during the degradation of toluene (0.06
h™*: Alagappan and Cowan, 2003). Therefore, in this particular situation, neither
would pollutant supply meet maintenance requirements nor would the specific growth

rate meet the cellular decay rate.

Benoit et al., (2008) also mentioned that indoor air biological treatment will
likely require the development of specific methods to provide and maintain aeuitabl
catabolic activity. First, due to the complexity and variability of indooraair,
inoculum that possesses the suitable catabolic ability might be difficultamobt
These microorganisms would also likely need to be pre-cultivated at higher VOC
concentration to obtain a significant cell number in a relative short time, whigtt mi
impair their ability to take up substrates at trace levels (microorgamamloose
selective traits when the corresponding selection pressure is thleaseond,
maintaining catabolic activity (and not only cell mass or cellular &gyieould be
challenging as microorganisms can loose their ability to biodegradencautastrates
when deprived from them during long periods of time. Finally, even at conditions
when suitable degradation-enzymes are expressed, microbial actisgtypencapable
to reduce the contaminant at concentration low enough to permit significant mass

transfer. Roch and Alexander (1997) showed toluene mineralizationaj Q-9but
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the pollutant still remained at 79 ng'lafter 8 days of incubation. Similar findings
were reported by Pahm and Alexander (1993) when studying the biodegradation of
p-nitrophenol at trace concentration although addition of a secondary carbon source
was capable to trigger pollutant removal at concentrationsigfLT*. However, the
feasibility of removing estrogens at 100 ngd to below 2.58 ng T* (detection limit)

with pure laccase from T. versicolor was recently demonstrated (Aurio] 20@7),

showing biological systems should be able to perform at indoor air concentrations.

Clearly, the development of biological methods for indoor air filtration faces
several challenges and requires more research on the microbial meshaiism
acclimation, survival, substrate recognition, accumulation and uptake at trace
concentration. Low concentrations are common in the environment and certain
microorganisms have developed original survival strategies at such condjtifmrs b
instance accumulating limiting substrate before starting to growtlgl{it al., 2006).
New models to correlate growth with substrate concentration are themefeated at
trace concentration, as suggested by Butterfield et al. (2002) in a study on

drinking-water biofilm formation at carbon-limited conditions (b2 m§.L

The simultaneous presence of many contaminants in indoor air might sustain
microbial growth or, at least, induce pollutant mineralization, as suggested by the
experience of Pahm and Alexander (1993) described above. In addition, certain
microorganisms are able to grow both heterotrophically and autotrophicatlyner
et al., 2003) or on myriads of different organic compounds (Chain et al., 2006). Such
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metabolic versatility would give obvious advantages at conditions where numerous
potential carbon and energy sources are simultaneously found at very low
concentrations and would greatly enhance the treatment of indoor air. The question is
therefore not if microbial growth would occur, but if it will cause VOC reduction.

Wood et al. (2006) suggested that a TVOC concentration of 100 ppb was sufficient to

induce a biological response that could reduce the TVOC concentration up to 75%.

Several authors have also challenged the mass transfer and microbial uptake
theories use to predict the effect of substrate concentration in biologidansuri
Active transfer by enzymatic transformation has for instance been repoded
mechanisms of direct uptake at the air-cell interface have been suggested.
instance, Miller and Allen (2005) reported that direct pollutant diffusion through the
agueous layer surrounding the biofilm could not explain the surprisingly high
performances of biological systems treating the highly hydrophobic alpkai
Likewise, it has been suggested that the aerial mycelia of fungi, whiah direct
contact with the gas phase, might promote the direct uptake of VOC from the gas
phase. This uptake is faster than if a flat biofilm of bacteria directly dsrttae gas
phase because of a high gas—mycelium interfacial area of the fungaldiléan
highly hydrophobic nature of the fungal cell wall (Arriaga and Revah, 2005; Kennes

and Veiga, 2004; Van Groenestijn and Kraakman, 2005, Vergara et al., 2006).
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2.3.3 Impact of Design on Purification Efficiency

It is not only the single pass purification efficiency of the biofiltratilevice but
the overall purification capacity that is important, explaining why the concepeari
air delivery rate (CADR, the amount of purified air delivered per unit or tinas)
introduced to evaluate and compare the various devices proposed for air removal
(Shaughnessy and Sextro, 2006). Interestingly, at equivalent CADR, purification
devices with high single pass efficiencies should be preferred becausk mivwke

energy requirement (lower required flow rate).

Models are used to estimate the single pass efficiency of purificatioredenic
sealed chamber test where pollutant are introduced at a certain amount but where
there is no production (Chen et al., 2005). Thus, Wolverton et al. (1989) reported a
decreased benzene concentration from 765 {ay#@ > in 24 h in a sealed chamber
containing a plant, which resulted in a coefficient which is composed of the pollutant
leakage rate from the system (Q/V) and the pollutant removal in the aiepurif
(CADR/V= purifier refreshment capacity). The same author conductedt a lea
experiment which calculating the leak contribution to approx. 0.bHence, the
botanical purifier used in this study generated an amount of purified air equialent
0.09 room volume per hour (CADR of 0.078 m*) and would not significantly
improve IAQ at realistic conditions. Low refreshment rates of 0.02-0.&¢re also
achieved by Orwell et al. (2006) in sealed-chambers containing potted plants and
initially supplied with 768—886g mi > of m-xylene or toluene, based on VOC
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exponential removal rate constants of 0.52—744Ldkewise, Chen et al. (2005)
achieved the highest CADR of 8.3 m* (refreshment rate of 0.15% with the
botanical purifier compared to values above 200 M3vith other portable devices.
Despite this, a significant TVOC removal was recorded when using potted plants
during field testing in office (Wood et al., 2006) and even if such results should be
reproduced at better controlled conditions, they might indicate that our current

evaluation models are inadequate.

2.3.4 Design of Biological Purifiers

Common biological processes for VOC abatement include bio-scrubbers,
biotrickling filter, and bio-filters (Iranpour et al., 2005; Burgess et al., 2001;
Delhoménie and Heitz, 2005; Revah and Morgan- Sagastume, 2005). In
bio-scrubbers, the air is washed with an aqueous phase into which the pollutants
transfer, and the aqueous phase is transferred into a bioreactor where the pollutant
are biodegraded. In Bio-trickling filters, microorganisms are grown on an inert
material (plastics resins, ceramics etc). An agueous solution contdiringtrients
required for microbial growth is continuously distributed and recirculated abphef t
the reactor and percolates by gravity, thus covering the biofilm with an adageus
Contaminated air is introduced as co- or counter current and the contaminants diffuse

into the aqueous phase where they are biodegraded. The purpose of the packing
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material is to facilitate the gas and liquid flows and enhance gas/liquialctot

offer a surface for microbial growth, and to resist crushing and compaction.
biofilters, air is passed through a moist porous material which supports microbial
growth. Water remains within the packing material and is added intermittently
maintain humidity and microbial viability. The packing material is geneeafiatural
material (peat, compost, wood shavings, etc,) which is biodegradable and provides
nutrients to the microorganisms although intensive research has been done to use

synthetic materials (Jin et al., 2006).

An additional common limitation to all biological air treatment processé®is t
need to transfer contaminants into an aqueous phase prior to their biodegradation,
which is especially problematic in the case of hydrophobic pollutants such as.hexane
The addition of a hydrophobic organic phase into the bioreactors (two liquid phase
partitioning bioreactors) could significantly enhance the transfer of theguk to
the microorganisms and thereby, their removal (Mufioz et al., 2007). Other
possibilities include the addition of activated carbon or other adsorbents in
combination with the biological system. Such approaches should be investigated in
the case of indoor air treatment as they could also concentrate the contatoninants

levels suitable for growth.
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2.3.5 Humidification Effect and Biohazards

Since biological purifiers are typically saturated with water and since iraitoor
treatment requires high flows, indoor biological purification might incrdase t
moisture content in the room or building where it is used. This beneficial effect when
indoor air is too dry (moisture contents of 30-60% are generally recommended for
comfort) could also trigger to the excessive growth of fungi with negative iropact
IAQ (Schleibinger et al., 2004), although these effects are still uncertalbi{is et
al., 2000; Pasanen, 2001). Darlington et al. (2000) for instance reported that the use of
an indoor biological purifier significantly increased the concentrations of total
suspended spores, although these values were similar to concentrations found in flats
containing house plants, and still remained within healthy levels (100-200 CfU m
In addition, none of the 17 fungal species identified was known to be pathogenic.
Likewise, Ottengraf and Konings (1991) reported that the concentration afomaicr
germs (mainly bacteria) in the outlet of full scale industrial biofiltess within the
range of typical indoor air concentration, and only slightly higher than typical outdoor
air concentrations, which was more recently confirmed by Zilli et al. (200%)eTis
however too little data available and the potential release of microorgamgsms f
indoor biological purifiers (especially in the case of faulty equipment or axtsjde

should be better studied and prevented if necessary.
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2.3.6 Summary

A review of the existing research in regards to biological and engigeerin
constrains reveals numerous problems that must be solved before biologically-base

air purifiers can be properly designed and implemented.

Firstly, our current knowledge on microbial kinetics and the thresholds for
substrate uptake, consumption and gene expression raise serious doubt concerning the
feasibility of microbial degradation of VOC at indoor air concentrations. There i
experimental evidence that VOC can be biologically removed at indoor caatomantr
even if the precise mechanisms are unknown. This apparent contradiction is perhaps
explained by the fact that our current knowledge was derived from studies conducted
at conditions (single strains with single substrate at high concentratideyameto
the indoor air environment (diverse communities exposed to multiple substrates at
low concentrations and direct pollutant uptake). Clearly, there is a need for

fundamental research at conditions relevant to indoor.

Secondly, the design of biological air purifiers requires the developmeaetof
technologies for highly efficient pollutant transfer (from air to the bioldgiatalyst)
in order to allow high volumetric treatment flows while maintaining high treatm
efficiencies. Current biological purifiers have shown some potential buli &ireiteed

by their low treatment capacity.

Finally, as IAQ is linked to the presence of pollutants other than VOC and as
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biological methods might always be limited in the cases of poorly soluble or
recalcitrant substances, there is a need to develop combined

physicochemical-biological methods.

2.4 Biofilter Modeling

Many investigators have created mathematical models of biofilters and

biotrickling filters in their efforts to understand and improve reactor perfccea
2.4.1 Biofilter and Biotrickling Filter Mechanics

Among modelers there is general agreement on the mechanisms of biafilder
biotrickling filters (Devinny and Ramesh, 2005). Contaminants are carriech@to t
biofilter by the air at such rates that the flow is presumed to be lamitegih
dispersion occurs because of the tortuosity of the pores in the porous packing. As the
air passes through the packing, contaminants are transferred from thinainater
in the biofilm. The contaminants diffuse into the depths of the biofilm, and
microorganisms in the biofilm absorb the contaminants and biodegrade them.
Contaminants may also be adsorbed at the surface of the packing. The gragt ma
of reactors utilize aerobic respiration, so that oxygen and nutrients must atdeediss

in the water or biofilm and diffuse to the microorganisms.
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2.4.2 Air Flow

Most biofilter or biotrickling filter models assume that air flow within thacter
can be adequately modeled as “plug flow”. Under these conditions, the effects of

advection can be modeled in one dimension as:

|:dCair :| =-V acair (2_2)
dt |, 0z

wheret is time,Cy; the concentration of the contaminant in the\aithe interstitial
flow velocity, andz is the axial dimension of the biofilter. Interstitial flow velocity is

higher than approach velocity.

V
V:—A 2'3

whereV, is the approach velocity (face velocity)is the bed porosity.

Because there are typically no radial gradients in concentration, radial iispers
has no effect and is neglected. Axial gradients may be substantial, however, a few
models have considered the possibility of axial dispersion. Hodge and Devinny (1995)

produced such a model that modeled dispersion in the form

2
dCair — Df 0 Czair (2_4)
dz |4 0z

whereD; is the dispersion coefficient. However, both calculations and experiment
indicated that axial dispersion was negligible except for biofilters opgratihigh

flow rates—with empty bed detention times of a few seconds (Hodge and Devinny,

33

www.manaraa.com



1997). While dispersion occurs as a result of molecular diffusion in biofilters and
biotrickling filters the dominant process is dispersion resulting from the tdstuwds

flow.

2.4.3 Phase Transfer

Transfer of a contaminant from a gas to a stagnant liquid or a biofilm can be
viewed as limited by diffusion resistance within a laminar layer ohgas the
interface and by resistance within the liquid or biofilm. Water within the bio&lm
presumed to be stagnant, so that molecular diffusion is the only transport mechanism.
It has been generally accepted that phase transfer is limited byahffnghe water
phase: the pores are relatively small, dispersion caused by advection temdi® m
gas phase, and molecular diffusion constants in water are on the ordétinofek0
lower than those in air (concentrations, and therefore concentration gradients, ar
generally higher in the biofilm, but usually only by one order of magnitude).
Typically, modelers presume that the concentration at the surface of thi lisofil
determined by Henry’s Law equilibrium with the concentration of contaminant in the
bulk air phase, and that the flux of contaminant into the biofilm is controlled by

diffusion resistance in the biofilm at the surface.

J,, =D, £2-
a x=0
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whereJy is the flux of contaminant per unit of surface ai2aijs the diffusion

constant in the water filnGy; the concentration of contaminant in the biofilm, ansl
the coordinate perpendicular to the biofilm surface, which is zero at the aimbiofil
interface. In a biotrickling filter, it is typical that transfer in th@dlng water layer is
slower than transport in the air and faster than in the biofilm. The same foomugat
used for transfer from water to the biofilm, and a parallel form is usecdafwsféar

from the air to the water. However, some investigators have observed mass transf
resistance at the interface. This is most likely to occur where contamahainitity is
high and biodegradation is rapid. It is less likely in a biofilter treating \@latganic
compounds, but Kim and Deshusses (2003) observed strong external mass transfer
limitation in laboratory and full-scale biotrickling filters treaihydrogen sulfide. In
such cases, models presume that transfer is limited by diffusion resigtamtaminar
layer of gas at the surface, and transfer occurs at a rate determinedibgréeto

which the gas—liquid interface of the biofilm is below saturation:
—-—Cy } (2-6)

wherekir_pt IS the gas transfer coefficient aHds the Henry's Law constant for the
contaminant. Li et al.(2003) further approximated the gas transfer ceefffor

spherical packing particles as:

D..
K = 2+ 1.1Re® S| (2-7)

p
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whereDy,; is the gas-phase diffusion constd®tthe particleRethe Reynolds

number, andcis the Schmidt number.

2.4 .4 Diffusion within the Bio-film

Diffusion of the contaminant into the biofilm is presumed to follow Fick’s Law:

oC 0°C
{ il } = Dbf _be (2'8)
0, i OX

whereD,, is the molecular diffusion constant of the contaminant in water. While there
is general agreement on this form of the equation, there is less certaintyhabout
appropriate values for the diffusion constant. Molecular diffusion constants have been
measured in pure water for most compounds, but diffusion within biofilms may be
different. The abundance of cells and exuded polysaccharides reduces the
cross-section of water actually available for diffusion and restrictsothi&@minant to
diffusion along tortuous pathways. Some investigators have used the empirical
equation developed by Fan et al.(1990) that relates the diffusion coefficient in the
biofilm to the diffusion coefficient measured in water and the total biomass density

the film (in g/L):

043X %2
Dy = D,|1- 2-9
o W{ 1119+ 027x°99} (-9)

Miller and Allen noted that additional complicatgare possible. In biofiltration
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of a-pinene, they showed that biological materialhm biofilm would adsorb the
contaminant, causing an initial delay in transybott not affecting the steady-state
rates of transport. They also found that in biatagfilms, but not in abiotic films,
enzymatic reactions rapidly converpinene to a secondary product that is far more
soluble, greatly increasing the effective solupiihd degradation rates over those

predicted for the parent compound.

2.4.5 Adsorption on the Solid Phase

Contaminants that diffuse to the bottom of theibiafparticularly during the
early stages of treatment when the biofilm is thiiay be adsorbed on the surface of
the packing. Adsorption capacities vary widely wpdcking material. For biofilters
using activated carbon packing, for example, modedidsorption is necessary for
accurate description of treatment of waste straamich the concentration varies
with time. Some modelers have also assumed thatditieles are porous and contain
significant amounts of water that can absorb comtant (Deshusses et al., 1995;
Zarook et al., 1997; Jorio et al., 2003). For lefs using lava rock, at the other
extreme, adsorption of contaminant is negligiblar. &l of the packing materials,
biofilm exopolysaccharides and other biofilm compdsi may compete for adsorption
sites, reducing adsorption of the contaminant. Ikinadsorption has no effect on

steady-state conditions: the adsorbed materiaiiplg an inactive reservoir that has
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no influence on treatment efficiency.

Adsorption and desorption have been included irsteaty-state models, where
it is generally presumed that the mass of matadabrbed per unit surface area at
equilibrium is linearly proportional the concentoat of the contaminant in the

biomass at the bottom of the biofil8sot

C K

adstfbot - :(Q)

adseq =

whereKaq4sis an empirically determined constant. Ranasirejtad. (2002) took this
approach but further modeled the adsorption cohsahaving Arrhenius-type

dependence on temperature:

— AH
Kads = KO eXF{ RT :| (2'11)

whereAH is the heat of adsorptioR,the gas constant,the temperature, an} is a
constant. Zarook et al. (1997) and Ranasinghe €@02) also considered
non-equilibrium adsorption, assuming the flux fridrme biofilm to the surface
occurred at a rate proportional to the degree ticlwih was below equilibrium. Their

formulations were equivalent to:
Jads = kadseq(cadseq_ Cads) (2'12)

whereJagsis the flux per unit surface ardagsthe rate constant, aitysis the

concentration adsorbed.
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2.4.6 Biomass Growth and Biodegradation

Biodegradation rates are a fundamental controfwatpr for the effectiveness of
biofilters. Most commonly, Monod kinetics are asgahfior growth as a function of

existing concentrations of biomass and the conagalrs of contaminant

X maXC d
dX et — X u= Ml dX _vY ov (2-13)
d, Ks+Cy d, d,

whereX,ct is the biomass density,is the growth constanimaxis the maximum value
of the growth constanksis the Monod or half-saturation constant, afid the
biomass yield. For high values of C, the growtle iatconstant, and some modelers
have presumed that growth follows zero-order kasetiror low values of C, growth is
with contaminant concentration, and some modelave presumed first-order
kinetics. However, when the model includes suffitidetail to show biodegradation
rates as a function of depth within the biofilmncentrations will range from the
Henry’s equilibrium value at the surface of thefitmo to zero at the maximum depth
of penetration, so it is likely that both regimedl e encountered and the full form
of the Monod equation will be needed. Often therappate values foKs andu max
are uncertain. Both values are strongly dependetit@ conditions under which they
are determined and most data in the literaturérane experiments performed on
microorganisms in stirred, well-aerated suspensiiker than in biofilms (and are
highly variable even so). Thus, these parametersiten fitted to the biofilter data

developed in the experiment being modeled.
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2.4.7 Summary

Current models for mass transport in the air artliwsimple biofilms seem
adequate. The major remaining uncertainty is indétermination of appropriate
diffusion constants for various contaminants tlediect conditions in biofilms rather

than water.

Biodegradation rates and biofilm growth models rensamewhat uncertain
because of the lack of knowledge of Monod constantsmaximum growth rate

constants for actual conditions in biofilters.

2.5 Major Findings

The major findings of the literature review are:

» The potential of botanical filter to remove inddd®C has been demonstrated
by researchers, while there are very limited datalable to understand the real VOC

removal mechanisms;

» Most of the studies related to botanical air ftiva were in terms of the static
effect of the plant to VOC removal, which meang¢h&as no air flow passing

through the root bed;
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» Most of the studies related to botanical air ftiba were conducted at
relatively high VOC concentration level (ppm), ahdrefore, experimental

investigation at low VOC concentration level is ded;

» It has been pointed out that the microbial comnyuplidays an important role
in the botanical air filtration system, while thieddlegradation rate of the microbial

community has not been further studied;

» Mathematical model on biofilter or biotrickling tér has been well developed,

while there is no simulation model for botanicalfdiration.

Further needed studies are:

v" The VOC removal performance of botanical air fiitva with air passing

through the root bed is needed to investigated;

v Studies at both relatively high concentration palhi level (ppm) and low

concentration pollutant level (ppb) are needed;

v Studies are needed to improve the understanditigedf OC removal

mechanisms;

v' The bio-degradation rate of botanical air filtrati®ystem needs to be

determined;

v" A numerical model is needed to simulate the botdrit filtration system and

to help optimizing the design.
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Chapter 3.Performance Testing,
Evaluation, and Analysis

3.1 Introduction

As discussed in the last chapter, previous stutige indicated that the plant’s
root bed has the potential of improving indooraiglity. The microbial communities
may play an important role in degrading VOC. Mastvious studies have been focus
on the VOC removal by potted plant without anypassing through the root bed,
which severely limits the chance of contact betwe¢&C and microbial
communities. A dynamic botanical air filtration g% (DBAF) prototype based on
the principle of physical adsorption by activatedbon, absorption by water (“wet
scrubber”), and VOC degradation by microorganismhe plant’s root system was
developed in this study in collaboration with Plijter Technologies Inc. In this
system, the polluted indoor air is forced to passugh the plant root bed to improve

the removal performance.

The objectives of this chapter were to: 1) deteantire single pass efficiency of
the filter in removing both water soluble and nahuble VOC and the equivalent
clean air delivery rate (CADR) at a relative higillptant level (1-3 ppm) in a
full-scale test chamber, as well as at a typicahrdevel (2—17 ppb) in a newly
constructed office room; 2) evaluate the long-teerformance in the real-world
environment by monitoring its single pass efficigfar 10 months; 3) investigate the
effect of moisture content in the root bed on thladne and formaldehyde removal
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performance, and determine the best moisture cbraage for removing both water
soluble and insoluble compounds; and 4) investitiegossible effect of the DBAF

may bring to the indoor air temperature and regabiumidity (RH).

3.2Methods

The DBAF system (Figure 3-1) used mixture of adtdacarbon and porous
shale pebbles asot bed of selected plants (Golden Pothg@Egremnum aureujh
with microorganisms growing in the root system. Tilter bed was 1.8 m in length,
0.6 m in width and 0.2 m in depth. The average diamof the granular activated
carbon and shale pebbles was 0.005 m, and the makeds 50/50 by volume. Eight
Golden Pothos were evenly placed in the bed. Titratfon system was operated with
periodical irrigation and airflow passing-throudtn axial flow fan was installed. The
maximum air flow through the bed was 101#¥mGas pollutants such as VOC were
adsorbed by the activated carbon sorbent, and ¢heoet bed also acted as a
scrubber for formaldehyde and other water solublapgounds. The adsorbed and/or
absorbed organic compounds would be degraded byitrebes, regenerating the
sorbent-based root bed. The purified air coulddberned to indoor environment
directly or fed to the supply air of an HVAC systéonmprove indoor air quality.
The DBAF had a controller that automatically seq@sithe operation of the
irrigation system and fan based on the signal faomoisture content sensor. The

irrigation control sensor was buried in the cewofaihe bed. When the moisture
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content was below the lower limit, the fan was ptay and irrigation system
triggered and operated until the moisture contead ligher than the higher limit.
Three minutes after the irrigation was stopped fainewas triggered and operated
until the moisture was below the lower level agdintee Campbell CS616-L water
content reflectometers (M.C. Sensors) were bunsiie the bed in sequence for
accurate moisture content measurement in experoemniducted in the real-world

condition (a newly constructed office building$, shown in Figure 3-1(b).

solution
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sensor line

Figure 3-1 Schematic of full-sized dynamic botahagfiltration system: (a) side

view, (b) top view. Moisture content sensor (M.€nsor).

3.2.1 Experiments in a Full-scale Environmental Chaber

The chamber used had interior dimensions of 4.8dngm x 3.63 m wide x 3.05
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m high (54.4 min air volume), and was maintained at 23£0.@nd 60+3 % RH. It
was operated at full-recirculation mode with altstgpply airflow rate of 680 fth

(12.5 ACH). The relatively high air change rate aisé of a square air diffuser for
space air distribution ensured complete air mixitgide the chamber (Chen et al.,

2005).

Two sets of chamber tests were conducted to deterthe initial (short-term)
performance of the DBAF. In the first set of teti® DBAF was evaluated by using
the “pull-down” test procedure (Chen et al., 200rmaldehyde and toluene were
selected as target compounds. Sulfur Hexafluofdg) (vas used as tracer gas. They
were injected into the chamber to achieve desmgl concentration levels, and
their concentrations were continuously monitorefbtgeand after the DBAF were
turned on. An INNOVA 1312 photoacoustic multi-gasnitor was used for
measuring the concentrations of tolueng{&d, formaldehyde (¢&ma), and the
tracer gas (Sel‘f continuously until the concentrations of tolueme formaldehyde
reached the background levels. Figuresh@ws the schematic of the chamber test
set-up. The VOC removal performance of the DBAF exauated at three airflow
rates through the DBAF (250%h, 600 ni/h and 930 rth) and two filter bed
moisture content levels (30£2% for “high VWC” testd 15+1% for “low VWC”

test).
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Figure 3-2 Schematic of the environmental chamb&rdetup: (a) top-view, (b)

side-view. Air handling unit (AHU).

In the second set of chamber tests, a new workatgpe made of particle board
was placed inside the test chamber to simulatpiaalyemission source in an office
environment. No clean air was supplied to the clexrabd the VOC concentrations
were allowed to increase or decrease dependingeoogderation of the DBAF. The
test lasted for four days, and the DBAF ran eighirk per day. The air flow rate
passing through the filter bed was ~518mwhen the DBAF was turned on. The
same INNOVA gas monitor was used to monitor forrahigle and TVOC

(quantified as toluene equivalent) concentrations.

Clean air delivery rate (CADR) represents the ‘@ffe” clean airflow rate
delivered by the air cleaner (ANSI/AHAM standardCA 2006). The performance
parameter measured directly by the “pull-down” testhod was CADR. The analysis
was based on the well-mixed single zone model. sy that: 1) the air was well
mixed in chamber (as confirmed by tracer gas tgktand 2) the contaminant
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removal mechanisms other than air cleaning (erfasel adsorption effect and
chamber leakage effect) were could be charactebyedfirst-order rate constaky,
the mass conservation of contaminant in the “pailla’ test can be written as (Chen

and Zhang, 2006):

\Y; (jj—(t: =—(k,V +CADR)-C = -k -C, (C=Cy at t=0) (3-1)
then
CADR= (k. —k, V -3

where,V is the testing chamber system volum&, knis the exponential decay
constant of the contaminant concentration withautlaaner operating (empty
chamber effect), h k. is exponential decay constant with air cleaneraijey (that
includes both the empty chamber and air cleanecesf, i; C, is the initial
contaminant concentration inside the chamber atrgn?; C is the contaminant

concentration inside the chamber at time t, nig/m

The decay rate constant ofSkas 0.031 air change per hour (ACH)
(corresponding to 1.68 1 or 1.0 CFM), indicating that chamber leakage waas
acceptable. When there was no air cleaner in tamber, the overall decay rate
constant for each individual VOC ranged from 0.0B048 ACH (i.e., very close to
that of Sk, indicating minimal surface adsorption effectlod thamber at the
experimental conditions). Therefore the chambeiasaradsorption effect was
neglected and only the chamber leakage rate (diesiraer] by SEdecay rate for each

test) was used to determike
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The equivalent single pass efficiency (SPE) canabeulated by following

equation (Chen and Zhang, 2006):

CADR
77 =

G (3-3)

wherey is single pass efficiency of the air cleaner,®4s the air flow rate through

the air cleaner, f¥h; Eq is short-circuiting factor of the air cleaneE (= at

well-mixed condition).

3.2.2 Experiments as Part of an Office HVAC System

Following the full-scale chamber tests, the botaln&dr filtration system was
integrated into the HVAC system of a newly congiedoffice room in Syracuse,
NY, as shown in Figure 3-3. The total volume of ti&st room was 265
(approximately 16.4 m long, 5.4 m wide and 3.0 ghhi There were 16 work
cubicles in the room. The botanical filter was ocected with the supply air duct by
steel pipes with diameter of 0.25 m. An independamtwvas installed on the filter
system, which provided an air flow rate of ~818mThe total amount of supply air
for this room was 2378 Th during the tests. Tests were started in theawint
(December 2008 - March 2009). During this testqugrthe test room was maintained
at 22°C with a relative humidity of 15%. The effect to tlewm temperature and RH
was investigated. The effect of filter bed moistcoatent to the single pass efficiency

was also investigated. The improvement of the in@aroquality by using the
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botanical filter was evaluated as well. The singss efficiency of the botanical in
removing formaldehyde and toluene was kept on biagitored until October 2009,

a ten-month-continuous monitoring.

Room air sampling

‘ -
Exhaust Air Outdoor Air
AHU :
> :
Test Room Return Air
air sampling
. before filter :
Botanical :
filter %] air sampling
after filter :
‘ .
Supply Air

Figure 3-3integration of botanical filter into an HVAC systeand setup for
monitoring. Air handling unit (AHU). Proton TransfReaction Mass Spectrometer

(PTR-MS).

Preliminary tests revealed that the test room macwally low pollutant
concentration due to the low emitting materialsiuse order to simulate pollutant
level at a more typical office conditions, 48 pieoé unused particleboard were
placed in the test room. The size of each piecelwam by 0.8 m. After the
particleboards were placed into the test room jasaaple was taken at the return air
duct by using a tenax sorbent tube, and analyzeghbyhromatography-mass

spectrometry (GC/MS). Pentanal, toluene, hexaryéte,a-pinene were found to
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have the highest concentrations. Toluene was seled the target VOC in current
study since it is commonly used as calibrationregfee for the total volatile organic
compounds (TVOC) (Hodgson et al., 2000). Meanwlaitegther air sample was taken
at the same location by using 2,4-dinitrophenyllydre (DNPH) cartridge, and
analyzed by high-performance liquid chromatografiyLC). Formaldehyde and
acetaldehyde were also detected. Formaldehydehea®ic as the other target
compounds as it is typically identified as a majompound of concern in emission
testing of composite wood materials and office itune (ANSI/BIFMA standard:
M7.1 2007). A proton transfer reaction mass speuntter (PTR-MS) was used to
monitor these target compounds in real-time. Thedatfi®n limits of PTR-MS are
0.06 ppb for toluene and 0.2 ppb for formaldehyidee sampling inlet of PTR-MS

was connected to the return air duct, as shownguaré 3-3.

To study the effect of the filter bed on the amperature and RH, air
temperature and RH sensors were installed in fiif@areint locations: air duct right
before entering DBAF, air duct immediately after A return air duct and supply
air duct of the test room. In the one-day testqukrihe DBAF was turned on for eight
hours, from 12 hour to 28 hour, and was turned off during the rest of hafrthe

day.

To investigate the maximum clean air flow rate thatDBAF could provide,
tests were conducted at four different HYAC systgraration modes: 50% outdoor
air (OA) (1138 nih), 25% outdoor air, 10% outdoor air, and 5% oatdair plus the
DBAF (i.e., filter on). The room VOC sampling lomat was in the return air duct.

50

www.manaraa.com



The 24-hour tests (three-hour-background measurea&d OA and the switch to
the test ventilation mode) were conducted. The eotmations at the third hour (start
point of ventilation mode change) were taken agéference for normalization, 17

ppb for formaldehyde and 2 ppb for toluene, respelgt

To investigate the effect of filter bed moisturetamt on the toluene and
formaldehyde removal performance, three Campbel6 &L water content
reflectometers were used to measure the moistunteroin the bed. Average of the
readings from these three sensors was taken aetheater content. The filter bed
was saturated with water at the beginning of teg end then the fan was kept on
running until the bed water content decreaseds® tlean 5% in VWC. The filter inlet
and outlet contaminant concentrations were meaqerddically, and then the single

pass efficiency was calculated by using the follayequation:

_ G(Cin - Cout) _ Cin B Cout
GC, C

(3-4)

in

whereG is the airflow rate through the air cleanef/mmC;, is the contaminant
concentration at the inlet of air cleaner, mg/@y is the contaminant concentration

at the outlet of air cleaner, mgim

The filter was then kept on running for 10 monthise filter inlet and outlet
contaminant concentrations were measured peridgliddie calculated single pass

efficiencies were used to study the long-term pertnce of the DBAF.
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3.3 Results and Discussions

3.3.1 Full-scale Chamber Experiments

3.3.1.1 Results from the First Set of Chamber Tests

Pollutant Removal Performance Figure 3-4 presents the normalized
formaldehyde concentration with three differentfiiw rates passing the filter bed:
250 n/h, 600 ni/h and 930 rith. Formaldehyde concentration in the chambereat th
time “0 hr” in the tests was 2 mght1.64 ppm). The background pollutant
concentration in the chamber was measured for tuoshbefore the test was started,
and all the concentrations measured later wereatbt by the average background
concentration. Then the concentrations were nome@lby using the initial
concentration at time t = 0 as reference) to fiatdithe comparison. The negative
concentration at the later period of the test mdélaaisthe concentration achieved was
lower than initial background level. Tracer gasl{@uhexafluoride (SE))
concentration was also presented, and the chamdleaide rate from JEalculation
was 0.031 ACH, which corresponded to 1.68mnand was excluded in the final
CADR calculation for the DBAF. The formaldehyde centration decreased quickly
to the background level after the fan was turned/gith higher airflow rate passing
the sorbent bed, the formaldehyde concentratioredsed faster. It means more clean

air was delivered in a fixed time period.
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Figure 3-4 Normalized formaldehyde concentratiodifi¢rent air flow rate: (a) 250
m°/h airflow rate passing the bed, (b) 60&/mairflow rate, (c) 930 fith air flow rate.

Volumetric water content (VWC) in the filter bed.

Toluene concentrations were also monitored atdheegest conditions, as
shown in Figure 3-5. Toluene concentration at iime t'0 hr” in the tests was ~8
mg/nt (2.16 ppm). Similar trend was observed for theatfté air flow rate, toluene
concentration decreased faster at higher airflde/test. Results also indicated that
the single pass efficiency (SPE) at higher air flate was less than that at lower air
flow rate in general due to smaller residence tibug,more clean air can be delivered
during a fixed period of time at higher airflowedest. That is why formaldehyde or
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toluene decreased faster at higher airflow rate tes
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Figure 3-5Normalized toluene concentration at different Einfrate: (a) 250 fith

airflow rate passing the bed, (b) 60&mairflow rate, (c) 930 fith air flow rate.

Volumetric water content (VWC) in the filter bed.

Table 3-1 lists the CADR and SPE for formaldehyd@ @luene in the first set

of chamber tests. Overall, the CADR or SPE wassigptificantly affected by the test

moisture condition because both high and low VW@ditons in the tests were well

within the range of 5-32% bed water content, wisdne range where the botanical
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filter worked well for both water soluble and ingble compounds as to be further

discussed later in this paper.

Table 3-1 CADR and SPE for formaldehyde and toluensoval

Air flow Pollutant Formaldehyde Toluene

(m¥h) Moisture level High VWC Low VWC High VWC Low VWC
(VWC) (30+2%) (15+1%)  (30+2%) (15+1%)

25010 CADR (rﬁ/h) 266.9 253.7 247.9 2324
SPE (%) 98.7 93.8 91.7 85.9

60015 CADR (rﬁ/h) 582.4 581.7 529.1 436.7
SPE (%) 94.4 94.3 85.8 70.7

930+20 CADR (rﬁ/h) 698.1 731.8 759.7 492.0
SPE (%) 69.0 73.2 77.2 50.1

ASHRAE 62.1-2010 specifies that the requiremerdutioor air for office

buildings is 5 cfm (8.48 f¥h) per person plus 0.06 cfm (1.03/h) per square foot

floor area. ASHRAE 62.1-2010 also specifies a maxmoccupant density for office

spaces of five people per 1000dt per 100 rh Take this maximum value as

example, the requirement of outdoor air for perLfidoffice building is 85 cfm (144

m?/h). The maximum CADR of the filter for formaldeteyavas 731.8 fith.

Therefore, the DBAF could serve an office buildimigh 5000 € (465 nf) floor area
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if formaldehyde is the target pollutant for airaméng.

Effect of DBAF on the Chamber Air Temperature and RH.The test chamber
air was maintained at 23+0® and60+3 % RH at the beginning of test, which is
common in a conditioned office space for a hot lamehid summer. Table 3-2 lists the
average temperature and relative humidity changdamber return air with three
different air flow rates passing through the fillbexd: 250+10, 600+15 and 930+20
m>/h. For the same air flow rate, tests were alsalootred at two different volumetric
water content (VWC) levels in the filter bed: HighVC (30+2%) and Low VWC
(15+1%). The VWC level was measured by the filted Inoisture control sensor. The
sensor was located in the center of the DBAF. Algioit does not exactly represent
the average moisture condition of the entire filied, the sensor represents relative
levels of VWC in different tests. It can be foutét the chamber air was cooled
slightly at high VWC levels. With air flow rate @50+10 ni/h, temperature
decreased by 0.2-0°6 while RH increased by 5.7-13.3%. For air flow rate
600+15 and 930+20 fth, temperature decreased by 0.6-°C.and 0.8—1.0C while
RH increased by 11.3-14.5% and 9.4%-13.5%, respdctin summary, the
chamber air temperature decreased by less tA@mnd relative humidity increased

by 10% to 15% RH in most tests.
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Table 3-2Average temperature and RH changé ih chamber return air from the

initial conditions of 23+0.6 °C and 60+3 % RH

Airflow rate  Bed moisture level High VWC Low VWC Moisture generation
(m*/h) (VWC) (30£2%) (15+1%) (kg/h)
250+10 Temperaturex  (°C) -0.5 -0.2 0.81-1.14
Relative humidityA (% RH)  13.3 5.7
600+15 Temperaturd  (°C) -1.1 -0.6 1.15-1.37
Relative humidityA (% RH) 14.5 11.3
930+20 Temperatures  (°C) -1.0 -0.8 1.23-1.89
Relative humidityA (% RH)  13.5 9.4

Even though introducing humidity through this DBAMot preferable, the

influence to humidity load of building was analyZed reference. In this operation

condition, the application of the DBAF will introde additional humidity that needs

to be removed by the HVAC during summer conditionthermal comfort, but would

improve comfort during winter condition in whichridification is needed. The

prototype DBAF tested produces approximately 0.889-kg/h of moisture based on

the data in Table 3-2. It should be noted thaCiBAF could serve a much larger

building space than the chamber (465versus 17.6 fin floor area) per the outdoor

airflow rate requirement recommended by ASHARE &sad 62.1-2010. The
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increase of relative humidity due to the operatdb®BAF would be much smaller

when it is used for a larger building space thatcmes its CADR capacity.

3.3.1.2 VOC Removal Performance in the Second Set of Chamber Tests

Figure 3-6(a) shows the test set-up with VOC erarssirom an office
workstation system (the second stage of chambgr Eegure 3-6(b) shows the
pollutant concentration in chamber varied with tintelecreased significantly after
the DBAF began to work. Once the filter stoppediing, the pollutant concentration
in chamber began to increase due to sustained \M§s®ns from the furniture
system. Table 3-3 lists the CADR and SPE calculdoo each running period. It was
found that the filter also worked well at low cont@ation range tested (300 — 400
ppb). The single pass efficiency for formaldehydeswver 90% after the filter had
been continuousely running for four days which riglainly be due to the
absorption of the wet media bed, and meanwhil&St®ig for TVOC (quantified as

toluene equivalent) was 38%.
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Figure 3-6 Test set-up and test chamber concemtraéiry with time: (a) test set-up
(photo), (b) test results. The red dotted vertiicas represent the 8-hour operation

period of the DBAF.

Table 3-3 CADR and SPE of DBAF for VOC emitted fram office furniture during

a 4-day test

VOC Formaldehyde TVOC as toluene equivalent
Time (day) i 2 3 4 1%t 2 3 4

Air leakage rate 0.031 0.031 0.031 0.031 0.031 0.031 03D. 0.031

calculated by Sfk,

Decay rate calculated 16.27 14.83 8.71 8.59 4.86 5.72 43.1 3.63

after turning on AC k

CADR=V( ke -k,)/60 510 510 470 465 260 310 169 195

(m%h)

Final single pass 100.0 100.0 92.6 91.3 .551 60.7 33.1 38.4
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efficiencyn (%)

3.3.2 Experiments as Part of an Office HVAC System

3.3.2.1 Effect of DBAF on the Room Air Temperature and RH

Figure 3-7 shows the impact of DBAF on the testmaor temperature and RH.
Table 3-4 lists the average temperature and Rhffateht test period. After the filter
was turned on, the test room return air temperataceeased by 0% while return
air RH increased by 17.7% RH. The moisture germvaif DBAF was 2.54 kg/h at
this test condition. Compared with the test restotsducted in the test chamber, more
moisture was generated due to test room low iriRldlcondition in the office room.
The return air RH increased from 13.5-31.2%, whvolild improve the thermal

comfort condition in dry winter climate.
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Figure 3-7 Effect of DBAF on room air temperatunel &H: (a) Temperature, (b)
RH.

Table 3-4 Average temperature and RH at differeniogs in a 24-hr-test

Air parameter Average TemperaturéQ) Average RH (%)

Test Period I I I I I I

6-11hr 12-19hr 20-24hr 6-11hr 12-19hr 20-24hr

Air before filter 23.7 19.7 23.7 12.9 37.6 19.2

Air after filter 26.0 15.8 26.4 20.6 71.0 23.4

Return air 21.4 20.9 21.4 13.5 31.2 20.8

Supply air 19.5 18.6 195 16.9 0.%4 26.3
61

www.manaraa.com



3.3.2.1 Air-cleaning Versus Ventilation: How Much Clean Air Could tre DBAF

Provide?

Figure 3-8 compares the normalized formaldehydetalngéne concentration in
the office space among the four different operatimues. Figure 3-8(a) shows the
normalized formaldehyde concentration (NFC) atedéht operation mode. The mode
of 5% outdoor air plus filtration had the similasult as 25% outdoor air (566m)
without filter. The botanical filter provided anwggalent clean air delivery rate of
476n7/h for formaldehyde, which was within 10% of théueapreviously determined
from a full-scale environmental chamber test (528jn Figure 3-8(b) shows the
normalized toluene concentration (NTC) at differepération mode. The operation
mode with 5% outdoor air plus filtration resulteda similar effect of 10-25%

outdoor air ventilation for toluene removal.

In summary, the above results indicated that th&B®&as effective at very low
pollutant concentration levels: 17 ppb for formdigade and 2 ppb for toluene. The
botanical filter provided an equivalent clean alikry rate of 4761ih for
formaldehyde and toluene removal, which meanseafairement for the amount of
outdoor air could potentially be reduced by intéiggathe botanical air filtration
system in the HVAC system of a commercial buildwbgjle achieving adequate
indoor air quality if formaldehyde and toluene wre pollutants that dictated the

required outdoor ventilation rate.
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Figure 3-8 Comparison of room pollutants conceinata) Formaldehyde, (b)
Toluene. Outdoor air (OA). Normalized formaldehydacentration (NFC). Emission

factor (EF). Normalized toluene concentration (NTC)

Figure 3-8 also shows the emission factors at mdiffeoperating conditions

estimated based on the following mass balance iequat the room space, assuming
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that the air was well-mixed in the room:

v(jj—(tjz AE-QC- Q G-6 (3-5)

where,V is the room volume, fA is the total surface area of emission sourdefm
is the emission factor, mgfim Q is the outdoor air ventilation rate 3fm; C is the
contaminant concentration inside the chamber at timg/ni; Q is the air flow rate
through the filter, ifh; 7 is the single pass efficiency of the filter, whighs
determined by measuring the concentrations riglireeand after the DBAREO

when DBAF was completely bypassed)s the room sink effect, mg/h.

For the same outdoor air flow rate and operatioderaf the DBAF, the
concentrations of both compounds had a very slaayleate so that a quasi-steady
state assumption was adopted in estimating thesemni$actor, E, in Equation (3-5),
i.e., neglecting the transient term on the leftchaide of Equation (3-5) and the sink
effect termd (which was also considered negligible comparinthéoother terms in

the equation), we have
1
e-~(ec+o.cy) ®-

During the field test, the initial emission factafsformaldehyde and toluene were
0.046 mg/mh and 0.015 mg/fin respectively at outdoor air ventilation. Figur8 3
shows that the emission factors increased withamutdir ventilation or operation of
botanical filter due to a higher concentration geatibetween the source and the
room air caused by the reduction of indoor coneiatin by ventilation or air

cleaning.
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3.3.2.3 Effect of Bed Water Content

Figure 3-9 shows the effect of bed water contersB& of the filter. The single
pass efficiency for formaldehyde was maintaineovatr 70% when the bed water
content was higher than 10%, then it decreasedfastyvhen the water content of
the bed was less than 5%. On the contrary, thef&RBluene was almost zero when
the bed water content was higher than 40%, thiexcriéased significantly as the bed
water content decreased. The SPE for toluene wadameed at over 40% when the
water content was lower than 30%. The reason femtight be the different water
solubility of these two compounds. Formaldehydeaser soluble, while toluene is
not. The results indicated that 5-32% bed wateterdns the best range where the
botanical filter worked well for both water soluldad insoluble compounds. The
SPEs were around 70% and 40% for formaldehydeaudrte, respectively in this

range.
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Figure 3-9 Effect of bed water content on removalallutants.

Formaldehyde is very weakly adsorbed on activaéedan or any other
untreated adsorbent, because the formaldehyde ndedegre small and light so the
Van der Waals force between formaldehyde and aetivearbon is very weak (Tseng
et al., 1998). It appears that the “wet film” forth@ DBAF worked as an effective
scrubber in removing formaldehyde of the air. Fddelayde was first absorbed by
the “wet film” formed in the sorbent bed, and tldsgradated by the microorganisms
living in the “wet film” or the microbial communés in soil from the rhizosphere of

plant.

3.3.2.4 Long-term Performance

Long-term performance evaluation of the DBAF isdezbto determine whether
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formaldehyde and toluene retained by the bed arswned by the microorganisms in
the root system so that the removal efficiencyheflted can be maintained. During a
300-day long performance test in which DBAF opeatatentinuously in cycles plus
5% OA ventilation, the initial formaldehyde anduehe concentration increased to 17
ppb and 2ppb, respectively, due to the emissiam the particleboards introduced
into the office environment. After the filter wasnning for 10 days, the room
formaldehyde and toluene concentration decreas#d ppb and 1 ppb, respectively,
and then kept at a relatively constant level, megthat the VOC continuously
emitted from the particleboards were removed byb6#eOA ventilation plus DBAF.
Figure 3-1Qpresents the SPE of the botanical filter on forralajdie and toluene
during the test period as well as the water cordéttte media bed. The SPE for
formaldehyde almost stayed at constant, around @0% SPE for toluene was
negatively influenced by the water content in tlbd,lbut was still kept at 20% 300
days later. Note that without the botanical fil@wncentrations in the spaces would
have been 30% higher than current results, dusetodntinuous generation of

toluene and formaldehyde by the sources.
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Figure 3-10 Botanical filter single pass efficie{®PE) over 300 days.

Seven (7) bacterial species from the botanicarfgystem using DNA
sequencing were identified, includidgthrobacter aurescens TCArthrobacter
oxydansLeifsonia xyli subsp. xyli str. CTCBMacillus cereusA. aurescens
Pseudomonas putidandBacillus spp(Huang et al., 2009). Degradation of
formaldehyde solution by individual species wasdrarted. According to Henry’'s
law, the formaldehyde concentration in the waten iround the sorbent particle was
0.001% by weight if the formaldehyde concentratiothe air passing through the
sorbent bed was 50 ppb. The initial liquid formélgdge concentration in the test was
0.001% by weight. It was found that the maximunun rate was 86.2% after 24

hours, byA. aurescens TC(Huang et al., 2009).
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Therefore, as long as there are sufficient carlooinces (formaldehyde or VOC)
in the air passing through the bed, the microosgasiliving in the sorbent bed will
degrade them. Moreover, the microorganisms thatemonsible for the degradation
can quickly reactivate the carbon patrticle so tha¢ed not be replaced, unlike the
typical carbon filters used for air cleaning whizded to be replaced every three-six

months.

There is a concern whether this botanical filteuldlacause indoor microbial
pollution. A pilot test was conducted to address igsue. Five liters of filter outlet air
was sampled and bubbled through Luria-Bertani (t8gium (containing 10 g/L
tryptone, 5 g/L yeast extract, and 10 g/L sodiutomtie) to observe any possible
microbial growth. No colony was found on the LB agkates (LB medium
supplemented with 1.5% agar) during incubatiorufpto 120 h at 30 °C, which
means there was no microbial pollution in the saah@lir. The potential release of
microorganisms from indoor biological purifiers thg long-term operation should be

further studied and prevented.

Biofiltration system has been used for many yeathe industrial setting as well
as indoor air setting (Darlington et al., 2000)efidhare some significant differences
between the DBAF and previous biofiltration systdiine material used in the
bioscrubber of previous biofiltration system waglaock, while the bed of DBAF
consisted of porous shale pebble and granularaaeticcarbon. The activated carbon
had a BET surface area of 900-110%gnand 80% of the pore size was less than 10
nanometers, which was highly effective for adsagb#®©C. The plants used in the
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previous biofiltration system were over hundredspécies of plants typically used in
indoor landscaping, while the plants used in theéABBvere more selective (e.qg.
Golden PothosHpipremnum aureu)pfor ease of maintenance and more root-zone
microbial community. The previous biofiltration $§81 has much lower face velocity
than the current DBAF (0.01 m/s vs. 0.25 m/s), delivers much less clean air
airflow rate per unit surface area (36&/mby a 10 rbioscrubber compared to 970
mh by a 1.08 MDBAF root bed with an acceptable pressure drofdPa). As a
result, the DBAF system developed in this study idne easier to be adopted for
indoor air cleaning either as part of an HVAC systw operated as a standalone unit

to provide the required clean airflow rate.

3.4. Major Findings

The potential usage of plant’s root bed for remgvimdoor VOC has been
demonstrated. Although potted plants alone arefiigient in real-world condition,
the dynamic botanical air filtration system (DBAdgveloped in this study is very

promising based on the laboratory evaluation aatifreld demonstration.

The full-scale chamber experimental results inéidahat the DBAF had high
initial removal efficiency for formaldehyde anduehe even without plants in the
bed. With the plants, the filter system had eveér initial removal efficiency (90%
for formaldehyde in the first four days, and ova#@for toluene). However, it was

not clear if the microbes played any role in sudheart term test period. The
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long-term performance test results indicated thatfQBAF was effective over a test
period of 300 days, and the same level of singss pamoval efficiency was
maintained at the end of the test. This indicabtedppssible consumption of the VOC
by the microbes. However, further study is needead\estigate the type of microbes
that are responsible for the VOC removal/degradatod the rate of degradation.
More detailed and carefully controlled laboratoxperiments are needed to separate
out the adsorption, absorption and microbe degi@uatocesses involved in the
DBAF root bed to improve the understanding andewetbp a simulation model that

can be used to optimize the DBAF deign.

The operation of the DBAF resulted if@ temperature decrease and 9-13%
RH increase in the chamber air. In the office expents, the operation of DBAF
resulted in 0.5C temperature decrease and 17.7% RH increase. Gistune
production rate due to the use of DBAF was in #rege of 0.81-1.89 kg/h. Such
moisture generation would improve the thermal catrdondition in winter, while in
summer contribute to little negligible effects tvetmal comfort and cooling load

(added 5% more humidity load).

Field experiments in the office space indicated the use of the DBAF could
reduce the percent of outdoor air supply from 25-e6%btal air supply without
adversely affecting the indoor air quality if forld@hyde and toluene are the target

pollutants that dictate the required ventilatiotera

The effect of bed water content on the removabaihfldehyde/toluene was also
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studied in the field experiments. The single passaval efficiencies were
approximately 60% for formaldehyde and 20% for ¢ole when the volumetric water
content was within the range of 5-32% in the raamt.lA moisture content that was
higher than 32% resulted in significant increassingle pass efficiency (SPE) for the

water soluble compound (formaldehyde) and reducifd®PE for Toluene.
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Chapter 4.VOC Removal Mechanisms and
Determination of Bio-degradation Rate
Constant

4.1 Introduction

In previous chapter, it has been demonstratedhleddBAF performed well in
removing both formaldehyde and toluene at low cotre¢ions (less than 50 ppb),
having consistently ~60% single pass efficiencyfdomaldehyde and ~20% for
toluene over a 10-month test period, respectivihe test results represent the
whole-filter performance in removing formaldehyawdoluene, but the intrinsic
VOC removal mechanism is still not clear. More expental research is needed to
understand the underlying VOC removal mechanisni3BAF. In particular, it is
necessary to clarify the different roles playedhyleaves, wet sorbent bed, and

microbial communities.

This chapter presents the methods and results exerimental study that was
designed to: 1) improve the understanding of thehraeisms of the DBAF system in
removing the volatile organic compounds, includiiegermination of the important
factors affecting the removal performance, andthes of different transport, storage
and removal processes; 2) determine the VOC biadegjon rate by the microbial

community of the DBAF.
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4.2 Methods

A reduced-sized dynamic botanical air filtratiorstgym was developed for
laboratory evaluation, as shown in Figure 4-1. filber bed was 0.35 m in length, 0.2
m in width and 0.15 m in depth. The average dianadtthe granular activated
carbon and shale pebbles was 0.005 m, and the makedvas 50/50 by volume. The
total weight of the sorbent material was 4900+50wo Golden Pothos
(Epipremnum aureumyere placed in the bed. The filtration system wasrated
with periodical irrigation. A tangential flow fanas installed for driving airflow
passing through the bed. The air flow through tbe Wwas 50+3 rith, which leads to
a face velocity of ~0.22 m/s. A programmable logpatroller was used to
automatically control the operation sequences @frtiigation system and fan in the
DBAF. The irrigation was triggered every two hoarsl lasted for 5 seconds. The
irrigation water flow rate was 0.4 LPM. The fan vwaspped while the irrigation was
on, and was triggered 30 seconds after the irogagiopped working and operated for
7135 seconds (~2 hours). The water flow rate ofrtigation was measured by a
water flow meter. The actual water flow rate of ttgation was 0.025 kg/s. One
Campbell CS616-L water content reflectometers (Me€nsors) was buried inside the

bed for accurate moisture content measurement.
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Figure 4-1 Schematic of reduced-sized dynamic bodhair filtration system: (a)

side view, (b) top view. Moisture content sensor@Msensor).

To achieve the objecties described above, the empets in this chapter were

designed into three parts, as shown in Table 4&.té€st methods and test purpose

were also listed in Table 4-1. The detailed tesdaons and procedures were

discussed in the following sections.

Table 4-1 Tests conducted to investigate the VO@kal mechanisms of DBAF

Test Group Test methods

Test purpose

A. Formaldehyde removal by pottedMiddle-scale chamber,

plant without air passing through  No ventilation,

the root bed Pull-down test

The leaf effect and soil static effect

B. Formaldehyde removal by Small-scale chamber,
microbial community with air flow No ventilation,

passing through Pull-down test
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C. Formaldehyde and toluene Middle-scale chamber, VOC removal mechanisms of the
removal by DBAF With ventilation, DBAF and determination of

Constant source bio-degradation rate constant

4.2.1 Formaldehyde Removal by Potted Plant Withouir Passing

the Root Bed

Tests were conducted to investigate the formaldemhgthoval by the potted
plants without any air flow passing the root bemhieinch potted Golden Pothos
(Epipremnum aureumyere selected (the same kind of plant used asd)efbne
tests were conducted in a 5.2 chamber with interior dimensions of 1.83 m long x
1.68 m wide x 1.68 m high. The chamber was locetedconditioned laboratory,
where the temperature and relative humidity werentamed at 23+0.6°C and
50£3 %, respectively. There was no ventilationtf@ chamber in this test. The
chamber served as a sealed space. A six-inch peop&lal fan was placed in the
middle of the chamber to mix the chamber air imaceptable manner (equivalent air
change rate of 20 ACH). Para-formaldehyde powder wemted by a hot plate
(250 °C heating temperature set point) to senamnasastant formaldehyde source.
Sulfur Hexafluoride (S§j was used as a trace gas. Formaldehyde agnd SF
concentration were monitored by an INNOVA 1312 plagbustic multi-gas monitor

in real-time.

Four tests (as shown in Table 4-2) were condudtethadard test conditions:

23+0.6 °C and 50+3% RH. The initial formaldehyd@oentration was 20+0.5 ppm.
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The major purpose of the series of tests was tesinyate the formaldehyde removal

by potted plant without any air flow passing thrbuge bed. The pot numbers effect

and light effect were also studied. The detailed®Acalculation was described in

section A.3.

Table 4-2 Tests conducted for formaldehyde rembyadotted plant without air

passing the root bed at 23+0.6 °C and 50+3 % RH.

Test No.  Test conditions Formaldehyde Test purpose
concentration
(ppm)
Al Empty chamber 20+0.5 Background test
A2 Leaf effect only V.S. (Initial Study the leaf effect V.S. total effect
total potted plant effect concentration,
A3 One potted plant V.S. instant source)  Study the potted numbers effect
two potted plants
A4 With light (a 60-wattz lamp) V.S. Study the light effect

Without light

The tests were conducted with following steps:

1. Empty chamber test.Test was conducted to check the air tightneskeof t

chamber and the formaldehyde sink effect in empgnmber. 5 ml Sfwas

injected into the chamber. 125 mg para-formaldelpaleder was injected

into the chamber by heating on the hot plate. TRega8d formaldehyde

concentration were monitored for 48 hours. Thgc®Rcentration change
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will be used to determine the air tightness ofdchamber. Equation (4-1)
could be used to calculate the chamber air tigistaed formaldehyde sink

effect in empty chamber.

_ LnC-1LnC,
t

N (4-1)

whereN is the air change rate per hour due to leakagé];ATis the
chamber concentration at time t, pp0g;is the chamber concentration at

time O, ppmt is the time of the test lasted, h.

. Leaf effect only V.S. total potted plant effectLeaf effect test was
conducted when the surface of the pot soil wasreavBy aluminum foil.
Total effect of the potted plant includes leaf] soid microorganism effect.
One eight-inch potted Golden Pothos was hangeuakimiddle of the
chamber. The sixty-watt lamp was on during the tE25 mg
paraformaldehyde was injected into the chamber.foimealdehyde
concentration was monitored for 48 hours. Formaldelremoval by potted

plant could also be calculated from Equation (4-1).

. One potted plant V.S. two potted plantsTests were conducted to study the
effect of potted plant number to the formaldehyel@aoval. One test was
conducted with only one potted plant in the chaméed the other test was

conducted with two potted plants in the chamber.

. With light (60-wattz lamp) V.S. without light. Tests were conducted to

check the effect of light in the chamber to therfaldehyde removal. One
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test was conducted without any light in the chaméed the other test was
conducted with a sixty-watt lamp placed in the chamAll the other test

set-ups were the same.

4.2.2 Formaldehyde Removal by Microbial Community wth Air

Flow Passing Through

Figure 4-2 shows the schematic of the formaldehgd®val test by microbial
community with air flow passing through. The entist system was located in a
conditioned chamber, where the ambient conditioaewnaintained at 23+0.6°C and
50£3 %, respectively. The test system consistedd5fi-liter stainless steel chamber
(for better air mix), an air recirculation pump {vairflow rate of 2 LPM), two
manually controlled three-way valves, and connedtides. Formaldehyde
concentration was monitored by an INNOVA 1312 pkatoustic multi-gas monitor.
With valve #1 and #2, the system can be switchéadsn test loop and bypass loop.
The test system was switched to the bypass loapgltive period of formaldehyde
injection. After the formaldehyde concentration eggehed to steady state, the test

system was switched to the test loop.
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loop

Air pump
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23 °C and 50% RH

Sorbent bed

Figure 4-2 Schematics of the test set-up for fod®layde removal by microbial

community with air passing by

Table 4-3 lists the tests that were conducteddonéldehyde removal by
microbial community with air flow passing by. Thest temperature and RH were
23%0.6 °C and 90+3 %, respectively. The initialni@dehyde concentration was
7.5£0.1 ppm. The main purpose of this series da§tess to study the microbial

community effect to formaldehyde removal.

Table 4-3 Tests conducted for formaldehyde rembyahicrobial community with

air flow passing through at 23+0.6 °C and 90+£3 % RH

Test Test conditions Microbes Formaldehyde Tegbqes
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initial concentration

number

(CFU/mL) (ppm)
B1. Wet bed only, 0 7.51£0.1 The wet bed effect only
Single-injection  single formaldehyde injection
w/o microbes
B2. Wet bed with microbes, 6.78 x 16° The microbial community effect
Single-injection  single formaldedhyde with single formaldehyde
W microbes injection injection
B3. Wet bed with microbes, 2.12 x 18 The microbial community effect
Multi-injection w  multiple formaldedhyde with multiple formaldehyde
microbes injections injections

The tests were conducted with following steps:

1. Test preparation. Two samples of sorbent material were prepared. The
average diameter of the granular activated carbdrshale pebbles was
0.005 m, and the mixed ratio is 50/50 by volumee @lameter of the test
cylinder was half inch. The thickness of the sotbeaterial was five (5)
inches.The test system was pre-conditioned by 96PaiRfor 24 hours. The
air pump was turned on and the pre-conditionewas re-circulated in the
test system. Formaldehyde was injected to the syteough the VOC
injection port in Figure 4-2. The equilibrium forfdahyde concentration in

the system was maintained at ~7.5 ppm.

2. Single-injection without microbes.The first sample of sorbent material was

first saturated with Luria-Bertani (LB) medium (¢aming 10 g/L tryptone,
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5 g/L yeast extract, and 10 g/L sodium chloridey then placed into the test
loop. After the formaldehyde concentration in tigstem approached to
steady state, the re-circulated air was forcedass phrough the test bed. The
formaldehyde was monitored for 24 hours. Afterlihseline case test was

done, the test system was flushed by lab cledor@@4 hours.

3. Single-injection with microbes.Firstly, the second sample of sorbent
material was saturated with Luria-Bertani (LB) madi(containing 10 g/L
tryptone, 5 g/L yeast extract, and 10 g/L sodiutomtie) andArthrobacter
aurescens TCT(CFU number6.78 x 18° CFU/mL), and then installed into
the test loop. Secondly, after the test systemprasonditioned with 90%
RH air and the same formaldehyde concentratiohersystem was
approached again, the re-circulated air was fotagrhss through the test
bed. The formaldehyde in the system was monitare@4 hours. After the
proposed case test was finished, the test systenflugned by lab clean air

for 24 hours.

4. Multi-injection with mircobes. The test procedure was conducted in the

same way as the single-injection test. While fodahlde was injected into

! Seven (7) bacterial species from the DBAF usingA¥quencing were identified, includidgthrobacter
aurescens TGHArthrobacter oxydand_ eifsonia xyli subsp. xyli str. CTCBMacillus cereusA. aurescens
Pseudomonas putigandBacillus spplt is found thatArthrobacter aurescens TCfas the best formaldehyde
removal capacity, which is 86% reduction rate B¥ehour-test period. Therefor&rthrobacter aurescens TC1
was selected to conduct the formaldehyde removal.
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the test system in every 6 hours. There were yof@lir (4) injections in the

multi-injection test.

4.2.3 Formaldehyde and Toluene Removal Rate by tH@BAF

Figure 4-3 shows the schematic of the set-up ferdoncentration test (ppb
level). The tests were conducted in the same emviemtal chamber (5.12%nThe
RH in the chamber will be varied from 55-90% pex thquirement of different tests.
A six-inch propeller axial fan was placed in theddie of the chamber to have the
chamber air well mixed (equivalent air change cdt20 ACH). The chamber was
ventilated by lab clean air. Sulfur Hexafluoridd-{Bwas used as a trace gas for air
change rate measurement. Formaldehyde and toluemgecentinuously generated
into the chamber by Dynacalibrator (Model 450)eove as a constant source and
monitored by proton transfer reaction mass spedten{PTR-MS). The DBAF was
located in the middle of the chamber. A sixty-wathp was placed in the chamber to

serve as light source for the plants.
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Connection to

analyzer
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Figure 4-3 Schematic of the mid-scale chamber sy$te low concentration (ppb)

test

Table 4-4 lists the tests that were conducteddonéldehyde removal by DBAF.
The test conditions and test purpose were deschibi table. There were two sets
of tests. One set of tests were test C1-4. Thate weere to compare the dry bed
effect, wet bed effect, and the whole filter efféldte other set of tests were test C4-6.

These tests were to study the whole filter effécliferent RHs.

Table 4-4 Tests conducted for formaldehyde rembyd)BAF

Test  Test media RH Initial bed Formaldehyde  Test purpose
No. water content  concentration
(%) (/) (ppb)
C1 Empty chamber 50+3 N/A 2755 Reference test
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Cc2 Dry bed, no plant  50+£3 0.027 2755 Effect of slorbent
C3 Wet bed, no plant 9243 0.137 2755 Effect ofshoke of wet bed
C4 DBAF 92+3 0.137 27515 Effect of RH on DBAF
C5 DBAF 753 0.078 27515 Effect of RH on DBAF
Cé6 DBAF 5543 0.034 27515 Effect of RH on DBAF
Table 4-5 lists the tests that were conducteddioiene removal by DBAF. The
test temperature was maintained at 23+0.6°C. T$teRE decreased from 92-55%.
The main purpose of this set of tests was to stiaeyvhole filter effect at different
RHs.
Table 4-5 Tests conducted for toluene removal bABB
Test Test Note RH Initial bed Toluene Test purpose
No. water content concentration
(%) (m3/m3) (ppb)
C7 Empty chamber  92+3 0.137 16215 Background check
Cc8 DBAF 92+3 0.137 16245 The whole filter effect
C9 DBAF 7513 0.078 1625 The whole filter effectdéferent RH
C10 DBAF 55+3 0.034 16245 The whole filter effettéferent RH

The tests were conducted with following steps:

1. Empty chamber test. Test was conducted to check the formaldehyde alatur

decay in empty chamber. 5 ml S8kas injected into the chamber.

Formaldehyde and toluene were generated into @shloer as well.
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2. Test with the dry sorbent only in the chamber Test was conducted in the
chamber with five inches dry sorbent bed only. @lndlow rate passing the
bed was the same as the DBAF. Formaldehyde anenm®liwvere
continuously generated into the chamber. Oncediredldehyde and toluene
concentration reached the quasi steady-stateiltdewith dry sorbent only

was turned on.

3. Test with the wet sorbent only in the chamberTest was conducted in the
chamber with five inches wet sorbent bed only. aindélow rate passing the
bed was the same as the DBAF. The sorbent bedhhagial water content
of 0.137 (g/g). Irrigation was triggered for 5 seds in every 2 hours. The
test chamber RH for this test was 90+3%. Formaldeland toluene were
continuously generated into the chamber. Oncediredldehyde and toluene
concentration reached the quasi steady-stateiltdevith wet sorbent only

was turned on.

4. Test with DBAF (wet sorbent bed with two Golden PothosHpipremnum
aureum)). Tests were conducted in the chamber with DBAKo Golden
Pothos Epipremnum aureumyere placed in the filter bed. The plant density
was 28 plant/(fhbed). Formaldehyde and toluene were continuously
generated into the chamber. Once the formaldehydeduene

concentration reached the quasi steady-state, BAd-Qvas turned on.
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Single pass efficiency and equivalent clean aivdgy rate (CADR) were
obtained through the following analysis. Formaldi#hynass balance for empty

chamber test can be expressed:

dc,
—1-R-Q,-C 4-2
dt Qv 1 ( )

where,V is the testing chamber system volum&, IRis the formaldehyde generation
rate, mg/hQ, is the ventilation air flow rate, #h; C, is the formaldehyde

concentration for empty chamber test at steadg, stag/ni. At the steady state,

where d(;il =0, Equation (4-2) becomes:

R=Q,-C, (4-3)
Mass balance for test with dry wed/wet wed/DBARHa chamber is:

dc,
dt

\Y,

=R-Q,-C,-Q;-7-C, (4-4)

where,C; is the formaldehyde concentration for test with loeg/ wet bed/ DBAF in

the chamber at steady state, my/@ is the air flow rate of the DBAF, ¥#h; 7 is

the single pass efficiency of the DBAF. At the slieatate, Wheredd% =0,

Equation (4-4) becomes:

R=Q,-C,+Q, -n-C, (4-5)
The formaldehyde generation rate is the same #otvilo tests, so:

Q C=Q -C+Q -G (4-6)
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Therefore, the single pass efficiency of the DBAIR be derived as follows:

G ] i
q_(cz 1} 3 (4-7)

The equivalent clean air delivery rate (CADR) carobtained as follows:

CADR=Q, -7 (4-8)

4.3 Results

4.3.1 Formaldehyde Removal by Potted Plant WithouAir Passing

the Root Bed

Effect of Leaf. Figure 4-4 shows the formaldehyde removal bygabpiant
without any air passing through the root bed. Ndized concentrations (i.e.
concentration divided by the initial concentratadrtime t = 0) were used to
determine the air tightness of the test chambewBrcross points are the normalized
concentration of the trace gas (pH he decay rate $Ehows that the air leakage of
the chamber was 0.002 ACH (air change per hourngiwindicates that air tightness
of chamber was acceptable for the test. The chafolbrealdehyde concentration was
up to 20 ppm at the beginning of the test. Nornealizoncentrations (i.e.
concentration divided by the initial concentratadrtime t = 0) were used to facilitate
the comparison. Dark blue points show the formaldeltoncentration decay over

time for the empty chamber test. Pink triangle poghow the formaldehyde
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concentration decay for the leaf effect only (Ttye $urface of the pot was covered by

aluminum foil to void contact between air and sdlgd square points show the total

effect of the potted plant, including leaf effeotlasoil effect. Equation (3-1) and (3-2)

can be used to calculation the clean air delivatg.rfEquivalent clean air delivery

rates (CADR) of leaf effect test and total effegtthe plant were 0.086 and 0.161

m?/h, respectively. It indicates that the formaldedyemoval capacity via static

effect of potted plant is limited. Large amouniotted plant would be required to

maintain acceptable pollutant concentration forpactl indoor space.
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1.2
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Figure 4-4 Formaldehyde removed by one 8” pottedtpl
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Further analysis could be conducted to reflectithiéed effect of formaldehyde
removal by potted plant without air passing throtlglhbed. ASHRAE 62.1-2010
specifies that the requirement of outdoor air fifice buildings is 5 cfm (8.48 fh)
per person plus 0.06 cfm (1.02/h) per square foot floor area. ASHRAE 62.1-2010
also specifies a maximum occupant density for effipaces of five people per 1000
ft? or per 100 rh Take this maximum value as example, the requinémmieoutdoor
air for per 1000 ftoffice building is 85 cfm (144 Fh). Since one eight-inch potted
Golden PothosHpipremnum aureungould only provide 0.161 th equivalent clean
air delivery rate, 894 potted Golden Pothos wilheeded per 100 hoffice building

to follow ASHRAE standard, which is unpractical.

Effect of Potted Plant Numbers.Figure 4-5 shows the effect of the potted plant
numbers on formaldehyde removal. The formaldehyaheentration with two potted
plants placed in the chamber decayed faster tlmiith one potted plant. The
equivalent clean air delivery rates (CADR) of ta#ect potted plant can also be
calculated according to the concentration decdyigare 4-5. It was found that the
equivalent CADR by one potted plant and two poftkehts were 0.161 and 0.256
m°/h, respectively. It reflects that the incrementhe number of potted plants would
provide more equivalent CADR. Still, it can notrafgcantly improve the removal
efficiency by increasing the number of plants dmly without air passing through the

bed.
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Figure 4-5 Effect of potted plant number on fornedigde removal

Effect of Light. Figure 4-6 shows the effect of light in the chamtre
formaldehyde removal. Without light in the chamhtibg equivalent CADR for one
potted plant decreased from 0.161-0.14/hrin a 24-hour test period, while there
was slightly different after 24 hours. It indicatbat the light had little effect after the
leaves were saturated on absorbing formaldehydeegjhivalent CADR for two
potted plants decreased from 0.256-0.28/hmaccording to Equation (3-1). The
presence of light can improve the performnancesomorving formaldehyde if the

leaves have not been saturated.
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Figure 4-6 Effect of light in the chamber on forohethyde removal

In summary, the test results show that the forntaide can be removed by
potted plant without any air flow passing through sorbent bed, while the removal
efficiency was very limited. The equivalent cleandelivery rate for an 8” potted
Golden PothosHpipremnum aureumyas ~0.161 rith. Even through the
performance could be improved by increasing thebmmmof potted plant or
introducing light, the CADR of potted plant withaait passing through the bed was
still in an unpratical level (~0.2 #h CADR per potted plant). Large amount of potted

plant would be needed to maintain the indoor aalityin acceptable level. If the
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cross-section of the bed was taken into accouen, the CADR for potted plant

without air passing through the bed would become$/h per square meter bed.

4.3.2 Formaldehyde Removal by Microbial Community wth Air

Flow Passing through

It is necessary to keep the sorbent bed in a haondition to avoid the
unexpected death of microbes. Figure 4-7 showaitliRH in the recirculation loop
during the test. The test system (Figure 4-2) wasgre-conditioned with 90% RH
clean air for 4 hours. After the test system RHditton became steady, the test
system was switched to recirculation loop. It carsben that the test system air RH
increased after the switch occured. This is dubedest bed was initially containing
certain amount of liquid solution. It can also keers that air RH in the recirculation

loop was kept at 95% in a 24-hour test period.
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Figure 4-7 Test system relative humidity change tivee

Figure 4-8 shows the normalize formaldehyde coma#anh in the system in a
single-injection test. The steady formaldehyde eotr@ation in the test system before
switching to the test loop was ~7.5 ppm (9.2 niy/ffihe formaldehyde concentration
in the system decreased to 1.6 mivith wet bed only in one hour after the switch.
The system concentration was decreased to 0.6 fwgitmweb bed plus microbes in
one hour after the switch. The equivalent cleamleiivery rates were ~0.083%h for
wet bed only and ~0.126%h for wet bed with microbes. If the cross-sectiithe
bed was taken into account, then the CADR for nhicioccommunity with air passing

by would become 5.1 fth per square meter bed.
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The formaldehyde removal rate can be calculateahyiplying the
concentration difference between initial equililonigoncentration and final
equilibrium concentration in the end and voluméhef test system. The initial
concentration was 7.5 ppm. The final concentrafitwnwet bed and wet bed with
microbes were 1.27 ppm and 0.52 ppm, respectiBsiyonsidering the test system
volume of 0.05 rfj the removal rate by wet bed only was 0.38 mgfte ®@moval rate
by wet bed plus microbes was 0.43 mg/h. Theretbeeremoval rate by microbes
only would be 0.05 mg/h. The initial bed microbdinsity was 6.78xtCFU/mL.

The removel rate by microbe would be 7.3%3fg/h per CFU/mL.

12 -
o wet-bed only o wet-bed with microbes

Normalized concentration

Time (hr)

Figure 4-8 Formaldehyde removal by microbes witlgk&-injection
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After the single-injection test, the tested fornedigde loaded sorbent bed was
flushed with clean air. The downstream concentrabibthe sorbent bed was
monitored. Figure 4-9 shows the formaldehyde cotmagan at the bed downstream.
Desorption was observed by the presence of thecobration increase (peak) which
is due to the formaldehyde adsorption capacityhefdorbent. The formaldehyde peak
concentration of sorbent bed with microbes wasisogmt lower and smaller than
that without microbes. This indicates that parthaf formaldehyde was degraded by
the microbes. The un-degraded adsorbed formaldehgdealesorbed as indicated by

the lower peak when there was clear air passiraygtr the bed.

0.35

+ wet_bed_degas
030 +- & """~ -

= wet bed/microbes_degas

Formaldehyde concentration (ppm)

0 3 6 9 12
Time (hr)

Figure 4-9 Desorption of formaldehyde from sordesd with and without microbes
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Figure 4-10 shows the normalize formaldehyde camagon in the system vary
with time in a multi-injection test. Red diamondmgs were for the test with
wet-sorbent only. Blue square points were for g with wet-sorbent together with
microbes. The difference between these two curitesthe system was switched to

test loop in each cycle was due to the formaldeliyolelegradation by microbes.

1.2 4
© wet-bed only o wet-bed with microbes
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Figure 4-10 Formaldehyde removal by microbes intrmjlection test

The adsorbed formaldehyde mass at steady stagacbfcycle could be

obtained by multiplying the system volume with cemnitation difference between
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initial and equilibrium concentration (as showrFigure 4-11). These were the
measured absorbed mass (as shown in Table 4-6makienum absorbed mass

could also be calculated according to Henry’s L&wmith and Harvey, 2007):
p=k,-C (4-9)

wherep is the partial pressure of the solute in the drwe the solutiong is the
concentration of the solute akglis a constant with the dimensions of pressure
divided by concentration. The constant, known asHbnry's law constant, depends
on the solute, the solvent and the temperature-femey’s law constant of
formaldehyde is 3.27E-07 atm’/mol.

The bed water content could be obtained from thiston@ retention curve (as
shown in Figure 4-12). The calculated absorbed esasgre also shown in Table 4-6.
The measured absorbed mass generally agreed wittaktulated absorbed mass.
This indicates that the wet-bed had approachddntsaldehyde absorption capacity;
therefore the concentration reached a quasi-statthe end of eachcycle. A
guasi-steady state was also reached with wet-bédmwcrobes at the end of each
cycle. The reason may be that microbes adsorbetmaldehyde first and it took
time to degrade. If degration process is fast ehptige concentration is expected to
continuously decrease. It is also noted that the®a concentration difference
between wet-bed only and wet-bed with microbebaguasi-steady state. This was

due to the degradation of absorbed formaldedhy@dynicrobial community
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Figure 4-11 Formaldehyde removal isotherm by wetawith and without microbes
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Figure 4-12 Sorbent bed moisture retention curve

Table 4-6 Comparison of calculated and measurearlaeld formaldehyde mass

Equilibrium Sorbent bed Water content  Henry's law Calculated Measured

concentration  weight constant for absorbed mass absorbed mass

AR\ Zyl_ﬂbl ’

www.manaraa.com




formaldehyde

mg/m° g g atmm?®/mol mg mg

1.46 30.95 4.24+0.21 3.27E-07 0.455+0.023 0.383
2.25 0.700£0.035 0.720
3.93 1.223+£0.061 0.991
5.91 1.842+0.092 1.157

In summary, the microbial communities were fountidoe significant effect on
removing formaldehyde. With the best species froenpglant root evenly distributed

in a wet sorbent bed, the CADR became ~103® per square meter bed.

4.3.3 Formaldehyde Removal by Dynamic Botanical AiFiltration

System

Dry Bed V.S. Wet Bed V.S. DBAFAs descirbed in section 4.2.3, empty
chamber test was first conducted without the DBAEe test chamber. Dry bed test,
wet bed test and test with DBAF were then conducatte the equilibrium
concentration for each test was stable, there waserd to monitor the concentration
continuously but check for some time dayly. Thenshar concentration was
continuously monitored by PTR-MS for two hours gailhe average of the two hour
test data was used as the concentration of thaddagsThe chamber equilibrium
concentrations for different tests were shown gukeé 4-13. It can be seen the

chamber equilibrium concentration become relattabls and slightly different in a
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one-week test period. Figure 4-14 shows the restiBBAF test for long term. The

chamber concentration decreases slightly at thmbieg of the test and then kept in

a constant level after that.

—e— Empty chamber test —s— Dry bed test
—— Wet bed test —«— DBAF test
1000
'8_ — —8 . S ST
£ 100
c
el
@' A — A A— —A
c
3 —x
& 10
o
1 T T T T T T T
0 1 2 3 4 5 6 7 8
Time (day)

Figure 4-13 Chamber formaldehyde equilibrium cotegions at different RHs
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Figure 4-14 Long term formaldehyde removal efficigby DBAF at 90% RH

Table 4-7 lists single pass efficiency and cleamealivery rate for different tests.

After one day, the SPE of dry bed and wet bed \8&eand 17%, respectively. The

corresponding CADR were 1.5 and 8.%mrespectively. The SPE of DBAF was

32.7% and the CADR was 16.35/m After one week, the SPE of dry bed and wet

bed were 2.6 % and 16.1%. The CADR of the dry mebiveet bed were 1.3 and 8.1

m/h, respectively. The SPE of DBAF was 39.5% anddA®R was 19.75 fih.

Table 4-7 Concen

tration, SPE and CADR at differds

Test period

Empty Dry bed Wet bed

chamber @ 50+3%RH @90+2%RH

DBAF

@90+2%RH
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Concentration 1 day 278.5 123.3 34.0 18.7
(ppb) 1 week 275.3 121.0 35.3 155
1 month 273.7 / / 15.0
Single pass 1 day N/A 3 17 32.7
efficiency 1 week N/A 2.6 16.1 39.5
(%) 1 month N/A / / 40.7
CADR 1 day N/A 1.5 8.5 16.35
(m3/h) 1 week N/A 1.3 8.1 19.75
1 month N/A / / 20.35

Note: “N/A” means “not applicable”; “/” means “dittrdo”

Figure 4-15 & 4-16 show the CADR and SPE in a ihart; the CADR due to

leaf effect was only ~1% of the total CADR of DBAFhe CADR due to wet sorbent

was ~52% of the total CADR. The wet sorbent bedatfincludes formaldehyde

absorption in water film and adsorption in dry sarbbed, which was a combined

effect. The difference between DBAF and wet sorlbedk test was due to the

existence of plant. It also can be seen that thBRAf DBAF increased to 19.75

m/h one week later, which indicates that the plaicrabial community continuously

performed well on removing formaldehyde.
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Wet sorbent

Dry sorbent

DBAF bed bed leaf
m CADR (m3/h) 16.4 8.5 1.5 0.2
m SPE (%) 32.7 17.0 3.0 0.0

Figure 4-15 CADR and SPE after one day

Wet sorbent | Dry sorbent
DBAF bed bed leaf
B CADR (m3/h) 19.8 8.1 13 0.2
B SPE (%) 39.5 16.1 2.6 0.0

Figure 4-16 CADR and SPE after one week

104

www.manaraa.com



DBAF at Different RHs. The tests were conducted at three different Ridlsev
92%, 75%, and 55%. The different RH level was addeby adjusting the ventilation.
Figure 4-17 shows the chamber RH for differentsteBhere was slight fluctuation of
the RH due to the irrigation, with standard dewatof < 2%. The bed moisture
contents for each RH level according to the moéstantion curve were as listed in

Table 4-8.
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Figure 4-17 Chamber moniterd RH at different RHs

Table 4-8 Chamber ventilation and DBAF bed moistmetent at different RHs

Chamber RH Ventilation air flow Bed moisture content
% m?h m¥m®
92+1 1.18 0.137
7512 5.48 0.078
5543 7.02 0.034
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The formaldehyde removal tests at 75% RH and 55%\ei¢ also conducted.
Table 4-9 lists the SPE and CADR of the DBAF in o@ing formaldehyde at
different RHs. After one day, the SPE of DBAF desed from 32.7-19.9% as RH
reduced from 90-55%. The corresponding CADR deerkfrom 16.35-9.95 #th.
After two days, the SPE of DBAF reduced from 33&5%. The CADR reduced

from 16.75-10.25 fith accordingly.

The single pass efficiency and clean air delivatg decreased as the RH
decreases. Since formaldehyde is a water solulbt@aond, water vapor in the
DBAF bed plays a positive role in removing formdigéde. As the RH level decreases
from 90-55% RH, less water film is available fosatbing formaldehyde. Therefore,
the SPE and CADR will decrease. It is consistettt wie test results in the

real-condition test.

Table 4-9 The formaldehyde SPE and CADR of the DB#&Hifferent RHs

Test period DBAF DBAF DBAF
@90%RH @75%RH @55%RH
Single pass 1 day 32.7 24.5 19.9
efficiency (%) 2 days 335 24.7 20.5
CADR 1 day 16.35 12.25 9.95
(m3/h) 2 days 16.75 12.36 10.25
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Equivalent clean air deliver rate is a useful paganto evaluate the

performance of gas filter. Table 4-10 lists the panson of equivalent clean air

delivery rate for different series of tests. It sisathat the CADR was only ~5.1%h

per square meter bed without air flow passing thhatlne bed. The test of microbial

community with air flow passing by provides equastl CADR of ~1050 rith per

square meter bed. While this test was for bestispdmom the plant root system, and

the initial microbial density was 9.78E+10 CFU/mhich was higher than the

normal microbial density of 1.0E+06—1.0E+08 CFU/ifie whole effect of DBAF

has a CADR of ~233 fth per square meter bed.

Table 4-10 Comparison of CADR at different serietests

Test set Potted plant without

air flow passing

with air flow passing

Microbial community  whole effect of DBAF

through the bed through
Test temperature (°C) 23+0.6 23+0.6 23+0.6
Test RH (%) 5043 90+3 90+3
Test air velocity passing by (m/s) 0 0.25 0.25
Filter bed cross section area?jm 3.14E-02 1.26E-04 7E-02
Filter bed thickness (m) 0.15 0.15 0.15
Concentration (ppb) 20000 7500 15
CADR (nf/h)/(nfbed) 5.1 1050 233
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Biodegradation Rate Constant Determination Two processes happened in
series for the formaldehyde biodegradation. Tret ine is the gas phase
formaldehyde absorption by the water film, whicliobowed Henry’'s Law. The
second one is the liquid phase formaldehyde detcediay microbial community,
which is followed the first-order kinetics. It sHdibe noted that these two processes
are combined with each other. The concentratiagheriquid phase and
biodegradation rate constant are the two unknowanpeters. The biodegradation
rate constant can not be directly obtained fromedrpental data. It has to be fitted
from the comparison between the simulation resudtexperimental data.
Nevertheless, the biodegradation rate constahtatilbe calculated based on the

following analysis, which could be used as a refeeevalue.

Biodegradation rate constant calculation can beutated as follows: the VOC
mass balance in the chamber can be expressed asdagi-10).

dC
\ E =R- Qv ) Cz - QCADR—totaI ) Cz (4-10)

where,V is the testing chamber system volum&, iRis the formaldehyde generation
rate, mg/hQ, is the clean air flow rate, ¥; C is the formaldehyde concentration

with DBAF in the test chamber, mgImQ.,or o 1S the total clean air delivery rate

of the DBAF, ni/h.

The total clean air delivery rate of the DBAF canforther separated into three

parts: leaf effect, wet sorbent effect, and micabbommunity effect.
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QCADR—totaI = QCADR—Ieaf + QCADR—wet_sorbent+ QCADR—microbes (4'11)

where Q.,on 0 IS the clean air delivery rate due to leaf effetth; Q.ape

wet_sorbent

is the clean air delivery rate due to wet sorbéetce (including dry bed effect and
water effect), Mh; Qq.or mcanes 1S the clean air delivery rate due to microbial
community effect, fth. The CADR of the total DBAF, leaf effect and veetrbent
effect can be calculated from experimental datd,than the CADR due to microbial

community can be obtained by Equation (4-11).

The clean air delivery rate due to the microbiahoaunity effect could be used

to calculate the biodegradation rate constant:
QCADR—microbes' Cgas =k- Cliq 'Vbed ) eliq (4'12)

where C . is the equilibrium gas phase formaldehyde conaéptr in the chamber,
mg/nt; kis the biodegradation rate constant, 105, s the equilibrium liquid phase
formaldehyde concentration in the filter bed, my/md, , is the volume of the filter

bed, n¥; 6, is the volumetric water content in the filter beaf/m®.

iq

The biodegradation rate constant can be obtained:

k = QCADR—microbes' H (4_13)
Voea 0

lig

whereH is the Henry’s law constant, dimensionless.

Table 4-11 Determintation of formaldehyde bio-degtéon rate constant

CADR due to Henry’s law Bed Bed Bio-degradation
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microbes effect constant(unit) volume water content rate constant

m/h (m) (m¥m?) (1/s)

7.60 1.33E-05 0.011 0.13 2.06E-05

4.3.4 Toluene Removal by Dynamic Botanical Air Filation System

Toluene removal by DBAF at different RHs were atlsaducted. Table 4-12
lists the SPE and CADR of the DBAF in removing tole at different RHs. After one
day, the SPE of DBAF increased from 10.1-37.3%gl&creased from 90-55%
RH. The corresponding CADR increased from 5.05-8 &8h. After two days, the

SPE and CADR of DBAF were staying in the same legehat of one-day test.

The single pass efficiency and clean air delivaitg increased as the RH
decreases. Since toluene is a water insoluble conthavater vapor in the DBAF bed
plays a negative role in removing toluene. As tiel&el decreased from 90-55%
RH, more adsorption sites were available for adegrtoluene. Therefore, the SPE
and CADR would increase. It was consistent withtdst results in the real-condition

test.

The toluene biodegradation by microbial communéyg oot be clearly
determined through this series of test. It couldbalyzed that the toluene
biodegradation rate in the liquid phase will beyvemall since toluene is highly water
insoluble. Still, there is a possible that the Begradation would occur when the
microbial community expose to the adsorbed tolukrextly. The tests conducted in

this chapter are hard to determine the bio-degi@uatte of toluene.
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Table 4-12 The SPE and CADR of the DBAF in remowuimigene at different RHs

Test period DBAF DBAF DBAF
@90%RH @75%RH @55%RH
Single pass efficiency 1 day 10.1 27.5 37.3
(%) 2 days 10.9 29 34.8
CADR 1 day 5.05 13.75 18.65
(m3/h) 2 days 5.45 14.5 17.4

4.4 Major Findings

In order to improve the understanding of the meidmas of the DBAF system in
removing the volatile organic compounds, a serfdarther experiments were
conducted to determine the important factors afigdhe removal performance, and
the roles of different transport, storage and reshpvocesses were also investigated.
In general, it was found that passing the air tgiotihe root bed with microbes was
essential to obtain meaningful removal efficiendpisture in the root bed also
played an important role, both for maintaining @oia@ble living condition for
microbes and for absorbing water-soluble composnds as formaldehyde. The role
of the plant was to introduce and maintain a fabl@anicrobe community that
effectively degraded the VOCs that were adsorbeabsorbed by the root bed. While
the moisture in a wet bed had the scrubber efteavater-soluble compounds such as
formaldehyde, presence of the plant increasedaimeval efficiency by about a

factor of two based on the results from the redismzde root bed experiments.
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Moreover, for the same cross-section area of 0.3&ngand 0.2 m wide, the
dry bed with airflow had an equivalent CADR of ~m&h. The wet bed with airflow
had an equivalent CADR of ~8.5%h. The DBAF had an equivalent CADR of ~16.4
m>h. The difference of wet bed with airflow and DBA&s due to the existence of
plant. It was found that wet bed and microbial camity are the two major factors to
affect the formaldehyde removal. It was hard tal fout which one was the dominant
one in short-time test (one day), while the reshtiws that microbial community

would become dominant gradually as time went on.

The biodegradation rate constant for formaldehyds &also determined, which
was 2.06E-055at 92%RH and 15 ppb formaldehyde level. It shdxdahoted that
this rate constant was only for comparison. Bec#uséransfer of formaldehyde
from gas phase into liquid film and formaldehydgrmelation by microbial
community occured in series but not in paralleleykban not be exactly seperated
from the experimental result, while it can be uasa reference for the model initial

input.
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Chapter 5. Model Simulation and
Validation

5.1 Introduction

As noted in Chapter 2 Literature Review, “Biolodiparifier” is used to
describe any device that includes a biological comet (botanical or microbial) for
VOC removal. “Bio-filter” or “Bio-trickling filter” is used to describe the devices that
use a packed bed of a solid support colonizedtaglad microorganisms that
biodegrade the VOC in the air passing through. &Bmtal purifier” or DBAF is used
to specifically describe the devices that use pland their associated
microorganisms. Many investigators have createdhematical models of bio-filters
and bio-trickling filters in their efforts to und#and and improve reactor performance
(Hodge and Devinny, 1997; Devinny and Ramesh, 20@BiJe this study represents

a first attempt to model the operation of DBAF gsannumerical simulation model.

The CHAMPS-BES (Nicolai, 2009) was further develdpe account for the
effects of the microbes on the degradation of ater-soluble and non-soluble
VOCs. The improved numerical model was then usesiihtollate the operation of a
botanical air filtration system that used a mixtafectivated carbon and porous shale
pebbles asoot bed of selected plants (such as Golden PdEpgaemnum aureujin
The filtration system was operated with periodioadgation and HVAC return
airflow passing-through the root bed. VOC includaldehydes were either adsorbed

by the activated carbon sorbent or absorbed byrvites in the wet root bed (which
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acts as a wet scrubber for water soluble composuds as formaldehyde). The
adsorbed and/or absorbed organic compound coulédraded by the microorganism
in the root bed, which would regenerate the sorlyetite root bed. The purified air
returned to indoor environment to improve indoorcgiality. These transport and
removal mechanisms were discussed in Chapter 4laboeatory and real-world
environment tests discussed in Chapter 3 also detmaded that the DBAF system
had a single-pass removal efficiency of 60% fonfaldehyde and 20% for toluene,
and the removal efficiency for both compounds ditdecrease significantly over

300-day continuous operation.

In this chapter, we present: 1) a mechanistic nigalemodel that can be used to
optimize the design and operation of the systemedlsas improve the understanding
of the pollutant transport and degradation processelved; and 2) comparisons
between the model simulation results and experiahelaita, and a method to estimate

the bio-degradation rate constant required foisthrilation.

5.2 Model Development

5.2.1 Model Description and Assumptions

As air passes through the filter, the processesived in the VOC transport,
adsorption/absorption and decomposition mecharmistime whole bio-filtration

system include (Figure 5-1):
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1. VOC advection by airflow. The transport of gas phase VOC by air flow

through the filter bed,;

2. VOC gas phase diffusion through bed voidThe VOC diffusion through

bed void occurs;

3. VOC convective mass transfer to sorbent-air interface to be adsorbed/b
the sorbent.This is the mass transfer-adsorption process afradble compounds
from the bulk of the gas phase to the externabserbf adsorbent pellets (activated
carbon). Each sorbent pellet is assumed to be hensagis and the VOC internal

diffusion in the micro-pores is not described itagdlen the current model,

4. VOC convective mass transfer to liquid-air interface to be absorbed by
the liquid (water). This is the absorption process describing transgagaseous
pollutant from the air into contacting liquid, suat water film at the surface of
sorbent/pebble. The liquid serves as a solverthimpollutant. Water film formed in
the surface of pebbles or activated carbon wilbbee the wet scrubbers, where water

soluble compounds such as formaldehyde in the ma@io@an be absorbed on it;

5. VOC physical adsorption by activated carbon After pollutant molecules
transport from gas phase to solid phase by conxentass transfer at the surface of
solid, instant equilibrium between gas phase atid pbase is assumed, which is

described by a constant partition coefficient;

6. VOC absorption by liquid film. Henry’s law constant is the parameter to

describe the instant equilibrium between gas phaddiquid phase;
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7. VOC consumption by microorganisms.The microbial community in the

root be will consume the absorbed or adsorbed V& faod source.

Indoor air .
Myoc,g Convective mass
o f lid
Root g—s transfer to soli
Convective mass ]
=YV 4 transfer to liquid VOC physical

igati adsorption
- Irrigation Myoc.g p
= . water O

g—l

Activated carbon
Purified
a Water
Q T T = film
° O-m/OCJ \ /' Solid phase VOC
Liquid phase ¥ olid phase ¢
consumption by L SN cqnsugnpuon y
N microbes microbes
[ : Myoc,s
[ o "voc.
Pebble
Microbes
VOC diffusion i Moc,g

+ Myoc g VOC advection

through bed void Jdiff conv by air flow

Figure 5-1 Schematic of the root bed system anocésged transport and storage

processes

It is not practical, nor necessarily important todel every phenomenon that
occurs in the filter. As a first attempt, we adajptiee following assumptions in

developing the mathematical model:

e Laminar flow occurs in the bed (Reynold’s numbe22-in this case, with
superfacial velocity of 0.25m/equivalent spherical diameter of the particle of 0.005m,

and void fraction of the bed of 0.85

e The sorbent pellet is in a spherical shagmuivalent spherical diameter of the
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particle of 0.005n7)
¢ Filter-material composition is homogeneous (e.gropity, density);

¢ Advection and diffusion of the adsorbate in theexditm (liquid phase) are

negligible;

e The partition coefficient is constant for a givemiperature regardless the

change in concentration;

e Consumption rate of the VOC by microorganisms fe#idirst-order kinetics.

5.2.2 Governing Equations

VOC in the filter bed are divided into three comenots: gas phase, adsorbed in

solid and absorbed in liquid.
5.2.2.1 VOC Mass Balance in Gas

Transport of gas phase VOC can happen via convegtith air, through
diffusion, exchange between gas and solid, andasgdbetween gas and liquid. It

can be expressed:

op™ecs O (i Mocy |, :Mocq 0. ocs
P@t ax< m, m, )_ o™ m,

— Myoc,
conv T it g-s _O-g—>l ‘+o (5-1)

where p™*¢ is the VOC density in gas, kg’m jovecs js VOC mass flux due to

\

convection, kg/(ifs); jgee is VOC mass flux due to diffusion, kg/ts); the

exchange between gas and solid is denote.zr:[,b&g , kg/(n’s); the exchange between
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Myoc,g
-l

gas and liquid is denoted kg/(n’s), whereas the arrow indicates positive

transfer direction. The teran™"°°® can be used to describe any source or sink of gas
phase VOC components, such as a constant emissgiotes This term is zero in the

current botanical filtration model.

The VOC transport by convection happens througlbthle air movement. It can

be expressed as:

jMocg _ cMvoc J My (5_2)

Jconv air

m,

where c¥>° is the gas phase VOC concentration (mass fract@pcykgain; | °

air

is air mass flux density from the airflow calcudatj kgair)/(mzs), determined by:

i =K, P 539
OX

For the sorbent bed filter, the air flux can beedetined by the air permeability
of the bed and pressure drop across the filteolbsafs:

. Ap
=K, 5-4
j e (5-4)

where K, is air permeability through the media, g, is air pressure, which equals to
the sum of partial pressures of dry air and wasgov, Pa; AP is the pressure
difference across the entire root bed, ¥ig;the coordinate in the bed flow direction,

m; Ax is thickness of the bed, m.
The diffusion flux of gas phase VOC in the bed vsidalculated by:

sMyocg _ I:)VOC,mat 6n/()C,g (ES-ES)

Jag = = RoT X
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where D, ;1S the VOC diffusion coefficient in the root-bed t@aal system
(considered as a porous medium), it is calculatetthé VOC diffusion coefficient in
air, Dyoc o (Qivenin nf/s), and diffusion resistance factor,,, (dimensionless,
which takes into account the tortuosity of bed-ypi®R,,. is the gas constant for

VOC, JK'mol™; T is the temperature, KRyoc,q IS the VOC partial pressure, Pas

the coordinate in the bed flow direction, m.

DVOC,air 5_6)

OC

DVOC,mat =

Adsorption Flux: VOC Transfer from Gas to Solid-air Interface. When there
is a concentration gradient between the gas plassentration in the bulk air and at
the surface of sorbent (gas phase at surface boulager, which is assumed to be in
instantaneous equilibrium with the adsorbed VO@atsurface with a partition
coefficient,K3), there will be an exchange flux into the direotaf the lower

concentration.

The mass transfer equation from gas phase to gléide can now be given:

Mocg _ km'g”5A0| (1_ W) ( Myoc,g Myoc,s )_ km,gasAol (1_ W) Myoc.g pmloc‘s 5.7
O'g—>s - gas - pgas = gas = ( _ )
Veev Vrev K ma
where k., is the VOC mass transfer coefficient between gaissalid, m/sA,,

is the total external surface area of the sorbetenal that is available for
pollutant/\VVOC adsorption or absorption®;mw is the wetness ratio of the surface of
the activated carbon pellet (It is a function ¢ tied volume water content: the

wetness ratio equal to zero when the bed is aledpldty and equal to one as the bed
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is total saturated with water), dimensionle¥s,, is the reference element volume,

m®, K__ is the partition coefficient of the solid media.

ma

The total surface area for spherical pellet sorbedtcan be calculated by

Equation (5-8):

Ao| _ (1_ Hpor REV 472R2 _ 3\/REV (1_ Hpor) (5-8)
ﬂﬂRg R
3

where 6, is the porosity of the sorbent bed, dimensionlg8ss the radius of the

sorbent particle/pellet, m.

Absorption Flux: VOC Transfer from Gas to Liquid-air Inter face.For water
soluble pollutant/VOC, such as formaldehyde, winamne is a concentration gradient
between the gas phase concentration in the bulknaithe surface of the liquid (gas
phase at the surface boundary layer of liquid, Winscalso assumed to be in
instantaneous equilibrium with the absorbed VO@atsurface with a Henry’'s law
constant H), there will be an exchange flux inte direction of the lower

concentration.

The mass transfer equation from gas phase to lghade can be expressed:

oC km - AO W oc oc,| km - AO w oc oc,|
g = A (e pliees ) - STyl e (59
REV REV
where k., is the VOC mass transfer coefficient between gasliguid, m/sw is

the wetness ratio, dimensionless,, wis the total external surface area of the liquid

film covering the sorbent material or pebble itefilbed, mM; H is Henry’s law
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constant, mm°.

5.2.2.2 VOC Mass Balance in Solid

VOC mass balance in the solid can be expressed:

ap Myoc,s

. Tgiet +0 e (5-10)

wherep™°°is the VOC density in solid, kgfn o is the VOC transport from gas

g—>s
phase by convective mass transfer, kd#mo ™ is considered as the common

source/sink term. The consumption of adsorbed V@@&icrobes is such a sink in
the botanical filtration system. Another examplés chemi-sorption process

(negative source term), and it is not availablthanbotanical air filtration system.

5.2.2.3 VOC Mass Balance in Liquid

VOC mass balance in liquid film can be expressed:

Myoc,i

op

pr — O-;niflc‘g +G”1/oc,| (5_11)

wherep™' is the VOC density in liquid, kg/fn o[> is the VOC transport from

gl
gas phase by convective mass transfer, Kig)mo ™' is considered as the common

source/sink term. An example for such a sourcefsnk in the botanical filtration
system is the process of pollutant/VOC degradaiymicrobes in the root system
(negative source term).
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5.2.2.4 Source/Sink Flux for Solid/Liquid Phase VOC: Microbial

Biodegradation.

The absorbed or adsorbed VOC will be served anasburce for
microorganisms. As long as there is carbon sourctled liquid film or sorbent
surface, the microbes will take them as nutritibis the VOC will be degraded.
Basically, there are two main factors that affeet VOC degradation by microbes.
One is the available carbon source, and the o$tteinumber of microbes that will
take charge of the degradation (Devinny and Rang)f). So the biodegradation

flux can be expressed as:

Myoc,

g™ = Kp™ee! 5-12)

where K is the total biodegradation rate constant fomtherobial species found in
the root bed,§  p™ is the VOC density in liquid or at the solid sudak&g/nf.
Note that for simplification, it is assumed thag thicrobes live in liquid films and
have access to VOCs within the film and solid steéathough the detailed nature of
the microbial activities are not known (e.g., ltc@anceivable that the area and spatial
distribution of the liquid film in the root bed magry or fluctuate over time giving
opportunity for adsorption of water-soluble compadsiiat one time when uncovered
by the liquid file and expose to microbes at anotiteen covered by the liquid film).
Note: The biodegradation rate constant is dependentenumber of microbes,
which depends on the density of microbial commuaityg the area of the root bed.

The biodegradation rate constant in this study etrsgined from the experimental
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results. It was the total effect of DBAF. Furthesearch is needed regarding the

effect of number of microbes.

5.2.3 Determination of Model Parameters

Table 5-1 lists the key input parameters of the eiral model. The partition
coefficients were obtained from experimental d@tee Henry's Law constants were
obtained from literature (as discussed in Chapte).tThe gas to solid and gas to
liquid mass transfer coefficients were calculataddal on the following equation for

Sherwood number (Sh) (Devinny and Ramesh, 2005).

K, = Da S ;;" [2+11Re™ 5] (5-13)

2R, o

whereky, is the gas to solid or liquid mass transfer coedfit,D,; is the gas-phase
diffusion constantR, is the radius of particl&Shthe Sherwood numbeRethe

Reynolds number, arfsicis the Schmidt number.

Table 5-1 Model key parameters determination

Parameter Formaldehyde Toluene
Partition coefficient 2.91E+04 4.04E+06
Henry’s Law constant (§fCiiguia) 1.33E-05 0.28
Gas to solid mass transfer coefficientish 0.27 0.27
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Gas to liquid mass transfer coefficient(s) 0.55 0.55

5.3 Model Implementation

The model was implemented in CHAMPS-BES as follofd¥VOC mass was
considered existing in gas, solid and liquid ph&2gyYOC adsorption flux,
absorption flux and bio-consumption flux were imptnted as sink terms, which
were applied as “Field Conditions”; (3) water sauveas enabled to simulate the

irrigation of the DBAF.

5.4 Simulation Results

Model verification was first conducted to test wietthe developed model
could work. Model validation was then conductedcbynparing to the experimental

data, which also resulted in an estimate for ttiedibio-degradation rate.

5.4.1 Model Verification

In the present study, simulations were first comeldico predict the bed air flow
and moisture distribution. The dimension of theefibed was 1.8 m by 0.6 m by 0.2
m. The activated carbon particle diameter was ZxOFilter inlet air was
maintained at 20 °C with relative humidity of 30%l RAir density is 1.2 kg/rhat 20

°C. Bed initial average moisture content was 0°ddi{M°peqy The irrigation system
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ran for 3 minutes every hour to keep the bed votumeater content level no less

than 0.08 ni(water)/ni(bed).

5.4.1.1 Modeling of Air Flow through the Bed

In current model, the pressure drop between tlet arld outlet of the filter was
an input parameter. It was measured to be 73 029 ni/s air passing through
the entire bed (cross-section area of 1.6&mu thickness of 0.2 m). According to
Equation (5-4), the air permeability can be cal®day airflow rate and pressure
drop across the filter. The calculated air permaghwas 0.00069 s, and was assigned
to the material in the bed. Based on above paranmgtet to the model, the output air
flux passing through the root-bed was 0.254 k@gjnwhich was the same as the
measured air flow rate considering air density.@fkig/nT at 20°C and bed

cross-section area of 1.08.m

5.4.1.2 Modeling of Moisture Distribution in the Bed

The initial moisture content in the bed was sed.as? (water)/ni(bed). A
water source term was assigned in the field camiid simulate the periodical
irrigation. The water source was activated foréhmanutes every hour. Water was
added into the bed at the rate of 0.09 kdgjmwhich means 0.09 kg water was added
in per cubic meter bed per second. Figure 5-2 shibgaverage bed moisture content
and outlet air RH change over time from simulatibins shown that due to the
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scheduled irrigation, the average bed moistureerintas maintained at 0.08~0.1
m3(water)/mi(bed). Meanwhile, the bed outlet air RH was inrdmege of 60% to
95%. Previous field tests showed that the measweddutlet air RH was between
74% and 82%. It is shown in Figure 5-3 that bedstuoe content changes over time

by simulation.

0.25 100%
5
£ 0.204 1 80%
5 5
§ 0157 outlet RH + 60% E
(&) ey
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2 0.10+ 4 40% =
2 «
g &
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Figure 5-2 Bed average moisture content and oaitleelative humidity

Bed moisture content distribution (m3/m3)

=
=
3

2
=
=)

=
=
Y

=]
=
N

0.1

Location in [m]

0 2.5 5 7.5 10 125 15 175 20 22.5
Time in [h]

B 0.25 H0.237 H0.225 Mo.212 0 0.2 10.187 [ 0.175 [ 0.162 ' 0.15 [ 0.137 [10.125 1 0.112
0.1 = 0,087 0.075 0.062 0.05 10,037 H0.025 H0.012

Figure 5-3 Vertical distribution of bed moisturentent over time
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5.4.1.3 Modeling of Breakthrough Profiles

Breakthrough curve simulation was conducted tostigate the effect of the
parameters involved in the filter model to theefilperformance. There are two main
factors in the physical adsorption process: otleagartition coefficient, and the
other is the gas-to-solid mass transfer coefficiBattition coefficient reflects the
capacity of a material on adsorbing VOC. Highetipan coefficient means bigger
capability. Higher gas-to-solid mass transfer dogfit means faster mass transfer

between gas and solid phase.

Effect of Partition Coefficient. In order to investigate the effect of partition
coefficient, the gas-to-solid mass transfer coeffitwas fixed at 0.27 ¥s (the
convective mass transfer was 0.05 m/s), which wasurrent five inches sorbent bed
based on the calculation. The partition coefficieinthe sorbent material was set up at
1, 10, 100 and 1000, respectively. Figure 5-4 shinshange of outlet VOC
concentration at above four different partitionféiceents. The inlet pollutant
concentration was maintained at 0.1 my/fthe outlet concentration reached
equilibrium in less than one minute when the partitoefficient was only one. As
the partition coefficient increased from 1 to 10@@yok longer time to have the
outlet concentration increased to the same valtleeamlet. It can be seen that the

model could present the effect of partition coedint well.
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Change in Intrinsic VOC density in gas phase over time
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Figure 5-4 Effect of partition coefficient

Effect of Gas-to-solid Mass Transfer ConstantWhen it came to simulate the
effect of gas-to-solid mass transfer constantptrétion coefficient was fixed at
1000, while the gas-to-solid mass transfer constastset up at 0, 0.1, 1 and 10,
respectively. The simulation result was as showigure 5-5. For the gas-to-solid
mass transfer constant of O, it means that thesenehany mass transfer occurred
between gas phase and solid phase. The red cuRigure 5-5 was for the mass
transfer constant at 0, which was as expectedhkatutlet concentration increased to
the same value as the inlet concentration oncsithelation started. Meanwhile, as

the mass transfer constant increased, it tookiil@ssto have the outlet concentration
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become to the equilibrium concentration (same las aoncentration), which
indicated that the mass transfer process wouldrbeapicker as the transfer
coefficient increased. The results show that thdehpresents the effect of

gas-to-solid mass transfer constant well.

Change in Intrinsic VOC density in gas phase over time

0.12
0.11

0.1
0.09
0.08

|
|

os ; V4
|

[mg/m3]

0.05
0.04
0.03
0.02
0.01

0
0 0.050.10.150.20.250.30.350.40.450.50.550.60.650.70.750.80.850.90.95 1
Time [h]

—— Gas2solid_coef:0 —— Gas2solid_coef: 1.25 —— Gas2solid_coef: 2.5
Gas2solid_coef:5.67

Figure 5-5 Effect of gas to solid mass transfefffaoent

Effect of Gas-to-liquid Mass Transfer Constant.The next step was to simulate
the pollutant absorption by the wet surface ofgtsent particle. For the water
soluble compounds, such as formaldehyde, the nrainiple of absorption is due to
the presence of moisture (or water vapor). Thezealso two major impact factors in
the absorption process: one is the Henry’s Lawtemhsand the other is the
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gas-to-liquid mass transfer constant. At normakajpen condition (20 °C and 1 atm),
the Henry's law constant is constant. For exantple Henry’s law constant for
formaldehyde is 1.33x10m*m? (Benoit et al., 2008). The gas-to-liquid transfer
coefficient represents the mass flux per unit @erfarea and per unit concentration
difference. A Higher coefficient value means higrete of mass transfer. Figure 5-6
shows the effect of gas-to-solid mass transferfoeit to the breakthrough curve. It
can be seen that it took less time to have thebabincentration to reach the
equilibrium concentration (same as inlet concemntas the mass transfer
coefficient increased. Figure 5-7 shows the breakifh curve at different
gas-to-liquid constants with the irrigation on minutes per hour. The fluctuation
of the outlet concentration was due to the irrgaijwater source assigned in the field

condition).
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Change in Intrinsic VOC density in gas phase over time
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Effect of Bio-degradation Rate Constant by MicrobesAs it mentioned in the
model assumption, the pollutant bio-degradatiolovad the first-order kinetics. The
bio-degradation rate constant reflects the poltutamoval due to the
micro-organisms activities. Figure 5-8 shows th#éedbwwoncentration reduction when
the bio-degradation rate constant was increased frel0’ s to 5x10° s*. The
outlet concentration was found higher than thetinb&centration. It was due to the
presence of initial moisture content in the bednkaddehyde was first absorbed by
the initial moisture content. As test went on, ithigdal moisture was gradually
evaporated into the air passing through in addiiotihe amount already existed in
the inlet air. Since the inlet concentration was siaintained at the same level, the
downstream concentration became slight higher tipgtream/inlet concentration. It
can be seen that final outlet concentration wasecto the inlet concentration when
the rate constant was increased from 15d0to 1x10° s*. The final outlet
concentration began to become significantly lovmantthe inlet concentration when
the rate concentration was increased from d’to 1x10° s*. The final outlet
concentration went down to half of inlet concentmatvhen the rate increased
to1x10* s*. Therefore, the critical bio-degradation rate ¢ansis 1x1¢ s*, which
means the bio-degradation rate of the DBAF hagtmaintained above 1x?G™ to

be effective in removing formaldehyde.

Figure 5-9 shows the breakthrough curve that Habeprocesses together. The

simulation cases were conducted in this way: ($pgation only; (2) absorption with
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irrigation; (3) adsorption plus absorption withgation; (4) adsorption, absorption
and bio-degradation with irrigation. It can be s#®at the VOC removal capacity
increased as more processes were added. Thesatsamuésults were only used to

see how these removal processes were involveagiDBAF performance.

Change in Intrinsic VOC density in gas phase over time
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Figure 5-8 Effect of bio-degradation rate constant
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Change in Intrinsic VOC density in gas phase over time
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Figure 5-9 Simulation results with all the processeolved

5.4.2 Comparison with Experimental Data and Discussn

Experimental data for the reduced-scale filtereav@lable in Chapter 4.
Formaldehyde removal tests at different RHs werglaoted. The chamber steady
state concentration was used as the inlet VOC ctrat®n. The filter efficiency was
calculated from measured data. The simulated effey varied with the input
bio-degradation rate constant. When the simulatied éfficiency was equal to the
measured filter efficiency, the fitted bio-degradatrate constant was obtained. Table
5-2 lists the fitted bio-degradation rate constémtslifferent RHs. The fitted
bio-degradation rate constants were 0.8%§bfor 92% RH test, 1xIhs*for 75%

RH test, and 1.5x10s? for 55% RH test. It can be concluded that the
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bio-degradation rate constant was in the range8{105x1¢ s* for the

reduced-scale DBAF tested in Chapter 4.

Table 5-2 The fitted bio-degradation rate constant

Model Compound Formaldehyde
Inlet RH 92% 75% 55%
Inlet VOC concentration (mg/in 0.018 0.085 0.11
Irrigation rate (kg/ms) 0.01 0.2 0.1
Initial water content (#m®) 0.08 0.05 0.025
Henry's law (mfYm®) 1.33E-05

Input partition coefficient 29084
Bed output RH 93% 7% 56%
Average bed water content {im°) 0.079 0.049 0.026
Bed output concentration(mgi)n 0.012 0.064 0.088
Simulated removal efficiency 33% 25% 20%
(Measured removal efficiency) 32% 24% 20%

Fitted bio-degradation rate constant
Output  (1/s) 0.8E-04 1.00E-04 1.50E-04

5.5 Major Findings

The modified CHAMPS-BES model is capable of simuatathe operation of the
DBAF system, in good agreement with the measuresispire difference, moisture
content, and outlet relative humidity and conceidrs. The model also correctly

simulated the impact of mass transfer coefficipattition coefficient and Henry’s
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Law constant on the behavior of the breakthroughecof the DBAF system.

It was also found that the critical bio-degradatiate constant is 1xT0s™ for
formaldehyde which means that the bio-degradate of the DBAF has to be
maintained above 1xTGs* to be effective in removing formaldehyde. Thesfitt
bio-degradation rate constant was in the range8sfi05x10* s* for the

reduced-sized DBAF tested in Chapter 4.
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Chapter 6.Building Energy Efficiency
Simulation and Analysis

6.1 Introduction

Buildings accounted for 38.9 percent of total Le&ergy consumption in 2005
(Buildings Energy Databook, 2006). Residential ding)s accounted for 53.7 percent
of that total, while commercial buildings accountedthe other 46.3 percent. There
is a growing concern about energy consumption ildimgs and its likely adverse
impact on the environment. With economic growth|digs, especially fully air
conditioned offices, will continue to be a majoesyy end user. Much of this energy
is used to condition the air needed for ventilatmmaintain good indoor air quality.
Indoor Air Quality (IAQ) (sometimes also referredas Indoor Environmental
Quality or IEQ) is one critical component of comsting "green” homes and
buildings. Energy efficiency is another importaatrponent of “green building”. In
Chapter 3, the DBAF has been demonstrated to i@vedtential to improve the
building indoor air quality without lowering the itding energy efficiency, even

increasing the building energy efficiency in sorases.

In this chapter, energyPlus was first used to eg#rthe potential energy saving
for a small commercial building due to the usehaf DBAF in Syracuse, NY.
Additional simulations were then conducted at othe3. climate zones to provide
suggestion of potential DBAF application at diffieréocations in terms of energy

efficiency.
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6.2 Methods

Based on the performance test results conductenioffice field demonstration
study in Chapter 3, the outdoor air could be reddoem 560—119 rih with the
DBAF (filter bed of 1.2 m by 0.8 m) integrated irttee HVAC system. To estimate
the potential benefit in building energy saving doi¢he use of the botanical air filter,
the energy consumption of the building integratetth whe DBAF prototype was first
simulated through EnergyPlus over an entire yemigugpresentative climate data in
Syracuse, NY for the Syracuse center of excell¢8€E) Headquarters building.

Thereatfter, the same office building was simulatedifferent U.S. climate zones.

The COE building is a 5-story office structure (meower) with an integrated
two (2) story laboratory building. The energy siatidn only focused on the 5-story
main tower, where office, conference room and ctemss are located. The 5-story
main tower is approximately 3387 nOne DBAF (with eight (8) plants and root bed
of 1.2 m long by 0.8 m wide) could serve 465affice floor areas. Eight DBAF
would be needed for the entire COE building. ASHRE¥EL-2010 specifies that the
requirement of outdoor air for office buildingsi<fm (8.48 nyh) per person plus
0.06 cfm (1.02 rith) per square foot floor area. ASHRAE 62.1-20 Kb apecifies a
maximum occupant density for office spaces of fieeple per 10005or per 100
m?. The total required outdoor air will be 373%/mper ASHRAE standard. The total

required outdoor air can be reduced to 74/hrif eight DBAF are installed in the
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building.

Figure 6-1 shows the COE building images generat&ksighBuilder. The
building east facade consists of 25% window an&o/fame wall. The west facade
consists of 100% frame wall. The South facade steisif 100% curtain wall. The
North fagade consist of 28 % window and 72% fraraf.Whe Figures 6-2 and 6-3

show the floor plan of the main tower.

Eas-view

Soutt-view

Wes-view
North—vie :

Figure 6-1 Building image for simulation (generatedesignBuilder)
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Figure 6-3 Third, fourth, and fifth floor plan of@E building main tower

Table 6-1 lists the building envelope informatidhese are the design

parameters for the building and were assignedadthiding envelope as simulation
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input. Table 6-2 lists the COE building internaadts for different room and these are

the maximum load of the COE building. The COE buidthermal control strategy

was 74 °F (23.3 °C) for summer zone temperaturéraloand 71 °F (21.6 °C) for

winter zone temperature control. The zone RH i@680-60% all year round. No

difference was set between the corridor and thee&nd conference spaces for the

purpose of this study.

Table 6-1 COE building envelope information (fror®E building design manual)

Construction R-value(hr-ft"2-°F/BTU) Solar Heat Gain Coefficient

(SHGC)
/U-value(BTU/hr-ft"2-°F)

Roof R-30 N/A

Double skin (curtain wall) U=0.25 0.12

Translucent wall panel U=0.10 0.08

Insulated glass units U=0.38 0.38

Framed wall U=0.07 N/A
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Table 6-2 COE building internal loads (from COEI8ung design manual)

Floor Occupancy load Light Equipment
Room area  Occupancy Density load load
Floor No. Type sf people people/sf W/sf W/sf
198L circulation 530 5 0.0094 0.7 0.5
1 199L entry reception 1432 95 0.0663 0.7 0.5
201 office suite 770 6 0.0078 11 15
202 office suite 1000 10 0.0100 11 15
203 class room 1000 49 0.0490 11 1.0
204 conference room 450 30 0.0667 11 2.0
208 server room 145 1 0.0069 1 23000BTU/h
2 other corridor 2200 3 0.0014 0.7 0.0
301 conference room 916 40 0.0437 11 2.0
302A MGT room 218 2 0.0092 0.8 24000BTU/h
302B MGT room 100 1 0.0100 0.8 15000BTU/h
303 BETA suite 1758 18 0.0102 1.1 1.5
3 other reception and corridor 1216 12 0.0099 0.7 0.0
401 monitor room 809 16 0.0198 11 0.5
401B TCR 159 3 0.0189 0.8 0.5
402 mechanic room 2383 47 0.0197 0.8 /
403 office suite 764 7 0.0092 11 15
4 404 office suite 1185 10 0.0084 11 15
501 EQS suite 1122 11 0.0098 1.1 15
502 TIEQ office 716 7 0.0098 1.1 1.0
503 TIEQ office 723 7 0.0097 1.1 1.0
504 TIEQ 453 5 0.0110 1.1 1.0
5 508 office suite 1117 11 0.0098 11 15

After the building geometry and envelope parametatsrnal loads, and zone

thermal control were set up in the DesignBuilder|@F file was generated and then

opened in the EnergyPlus. The HVAC system of thielimg was then modeled in

EnergyPlus, which consists of heating/preheat/retw@bs, cooling coils, supply and
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return fans, pumps, etc. The yearly energy simufatras finally conducted in

EnergyPLus.

To investigate the potential energy saving duéeouse of DBAF, conventional
variable air volume system was applied in the CQiidimg HVAC system. Since the
outdoor air could be reduced by 80% by using thé&BBhe baseline case was the
COE building with ventilation of 3731 th and the proposed case was the COE
building with ventilation of 747 fith plus the DBAF. Comparison between above two
simulated cases was conducted. In terms of thelafion set-up, the ventilation
schedule was on for 12 hours (7:00 AM-6:00 PM) migiiveekday and off during
weekend and holidays. The boiler nominal efficiefamyheating was assumed 0.8.
The chiller nominal coefficient of performance faroling was assumed to be 3.2.
The fan total efficiency for ventilation was assuh@e7(power transferred to the air in
Watts/fan electricity consumption in Watts). Themgumotor efficiency for
hot/chilled water was assumed 0.9. The total nohpiaaver of the fans of the DBAFs

was 0.75 kW.

6.3 Simulation Results
6.3.1 Base Case for Syracuse, NY Climate

With the DBAF integrated into the HVAC system, the@door air can be
reduced from 3731-747%h. It led to the change in the energy consumptiteted
to HVAC system. Table 6-3 shows yearly energy argt saving due to the use of
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DBAF for an office building located in Syracuse, N¥he yearly heating energy

saving was 80.2 MBtu (23511 kWh). The natural gasprice was 15 dollars ($) per

MBtu. And then the yearly operation cost savingHeating was 1203 dollars ($). The

yearly energy saving for cooling and pump were 1889 127 kWh, respectively.

The corresponding yearly operation cost saving \#8&dollars ($) and 19 dollars

(%). It can be seen the proposed case consumechakdke electricity for fan. If all

the cost savings were put together, the total yegération cost saving would be

1505 dollars ($).

Table 6-3 Yearly energy and cost saving relatedd\AC system

Natural Gas Electricity

Heating Cooling Pump Fan

(MBtu) (kwh) (kwh) (kwh)

Baseline Proposed Baseline Proposed Baseline Proposed Baseline Proposed

Case case case case case case case case
Jan. 79.5 55.2 0 0 59 49 2961 2931
Feb. 53.4 354 0 0 39 30 2957 2787
Mar. 26.3 17.9 0 0 19 15 3953 3512
Apr. 10.9 9.3 1571 1676 852 855 3140 3184
May 2.7 2.7 8089 8088 2808 2807 3537 3681
Jun. 0.4 0.4 13214 12745 3328 3309 3784 3922
Jul. 0.1 0.1 15600 14991 3280 3244 3709 3834
Aug. 0.3 0.3 15752 14931 3604 3571 3991 4135
Sep. 2.9 2.9 7328 7175 2470 2464 3211 3342
Oct. 13.1 11.8 1313 1372 867 868 3111 3244
Nov. 23.0 16.6 0 0 14 11 3112 3048
Dec. 51.5 315 0 0 37 26 3093 2942
Yearly 264.3 184.1 62867 60978 17377 17250 40558 40561
total
Energy 80.2 1889 127 -4
Saving
Unit price  $/MBtu 15 $/kwh 0.15 $/kwh 0.15 $/kwh 18B.
Cost 1203 283 19 -0.6
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Saving($)

Total cost 1505
Saving($)

Moreover, the energy saving listed in Table 6-3loammnalyzed further in detail.
The energy saving will be 30% if considering thative part only, while only 3% for
cooling and 0.7% for pump. The energy consumptifferénce for fan in the two

cases was less than 0.01% and could be ignored.

The heating and cooling energy consumptions weralfdhe loads of the
occupied floor, not just the ventilation loads. Thenp energy consumption was for
the water moving equipment, including hot water puohilled water pump, and
condensed water pump. The fan energy consumptisrfavall the air moving
equipment needed to meet the heating and cooladsland the ventilation

requirements of the occupied floor.

Note: The above simulation was based on the premisehteaequirement of
outdoor air can be reduced from 3731-747hnafter the DBAF was integrated in the
building HVAC system. The energy consumption fréma tan of DBAF was
considered in the fan energy part. The temperandeRH effect that the DBAF may
bring to the HVAC system were not reflected in $ihmaulation. Furthermore, the
climate zones also play an important role in thiepial energy saving from the

application of the DBAF, which will be discussediie following section.
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6.3.2 Cases for Other U.S. Climate

Figure 6-4 shows the U.S. climate zones. Ther¢odaé7 climate zones.

Simulation for the same COE building was conduetieoine city in each zone. Table

6-4 lists the selected cities for different U.Smate zones in the simulation.

All of Alaska in Zone 7
except for the following
Boroughs in Zone 8:

Bethel Northwest Arctic
Dellingham Southeast Fairbanks
Fairbanks N. Star ~ Wade Hampton
Nome Y ukon-Koyukuk
North Slope

Zone 1 includes
Hawaii, Guam,
Puerto Rico, 1
and the Virgin Islands

Figure 6-4 U.S. Climate zones (by county) for tB84£ Supplement to the IECC, the

2006 IECC, and ASHRAE 90.1-2004

Table 6-4 Selected cities for different U.S. climabnes in the simulation

Climate Zone No. City, State

Weather feature

1 Miami, Florida
2B Phoenix, Arizona
3B-CA Los Angeles, California

Hot, humid

Hot, dry

Hot, dry
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4A

5A

6A

Baltimore, Maryland Mild, humid

Chicago, lllinois Cold, humid

Minneapolis, Minnesota Cold, humid
Duluth, Minnesota Very cold

Table 6-5 lists the yearly operation energy and saging due to the use of
DBAF at different U.S. climate zones. It can benstat climate zone 1A has the
highest yearly operation cost saving, which is 3déllars ($). The climate zone
3B-CA has the lowest yearly operation cost savvtgch is 179 dollars ($). For
climate zone one and two, most of the saving was ftooling and fan while no
significant heating saving was observed. For clazine three, there is no significant
heating saving and very small cooling and fan gawere found. For climate zone
four, five and six, both heating and cooling savivere observed. It seems that more
heating saving and less cooling saving were fountthe climate zone moves further
North. For climate zone seven, the highest heaawing was observed while there

was no cooling saving.

Overall, there is no need to use DBAF for climatee 3B-CA as long as the
outdoor pollutant level is in an acceptable leltedeems climate zone one could be a
good place to apply the DBAF in terms of cost sgviftowever, the weather feature
of climate zone one is hot and humid. There is gdnaneed to dehumidify the air in
summer. It has been mentioned that the DBAF wotilthkadditional moisture to air.
Therefore, further analysis regarding the dehunailifon issue needs to be
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conducted for the application in climate zone dne&Chapter 3, it was found that the

moisture generaturion of one DBAF was ~1.89 kgighEDBAFs were needed for

COE building to maintain acceptable indoor air gyalrhe total moisture

generaturion would be 15.1 kg/h. The total moistaael for COE building applying

at climate zone one was 334 kg/h (The detailedutation was described in

Appendix C). Therefore, the moisture load increanaere to DBAF was ~5% of the

total building humidity load. This small additiomabisture load may not pose a

serious limitation on the DBAF application, butiitgpact should be analyzed for

specific application cases in Climate Zone 1. Ctenrone 2B appears to be a good

place to apply the DBAF due to its hot and dry \weafeature.

Table 6-5 Yearly operation energy and cost savirgytd use of DBAF at different

U.S. climate zones

Climate City, State Natural Gas Electricity Total
Zone . .
Heating Cost Cooling Pump Fan Cost Cost
saving . .
saving saving
MBtu $ kWh kWh kWh $ $
1A Miami, FL 0.14 2 16153 684 6150 3448 3450
2B Phoenix, AZ 1.3 20 4477 385 2389 1088 1108
3B-CA  Los Angeles, CA 0.2 3 755 33 383 176 179
4A Baltimore, MD 39.7 595 5348 264 -306 795 1390
5A Chicago, IL 76.9 1154 3835 243 180 639 1793
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6A Minneapolis, MI  121.1 1817 2116 281 -211 328 214

7 Duluth, Ml 161.7 2426 -103 256 -442 -43 2383

6.4 Conclusions

Whole building energy simulation results showed tlsang the DBAF to
substitute 80% of the outdoor air supply withoutexrdely affecting the IAQ could
save 30% saving in heating, 3% in cooling and OIY@@ump energy consumption for

yearly operation in Syracuse, NY.

Based on the simulation results for different Wi8nate zones, it was found that

a higher percentage of energy savings was achievetimate zones where more
heating is required than Syracuse climate (zore fsuch as zone six and seven.
Dehumidification issue needs to be considered|forate zone one even though it
has the highest operation cost saving. While it @ssnated that the presence of
DBAF only added 5% more load into the whole buitdihumidity load. Climate zone
two might be a good place to apply the DBAF pehdsand dry weather feature.
Climate zone three in California area (Zone 3B-@Ajht not be a good place to

apply the DBAF due to little yearly operation c6s$179).
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Chapter 7. Summary and Conclusions

The potential usage of plant’s root bed systemdoroving indoor VOC has
been demonstrated. Although potted plants alonedarefficient in real-world
condition, the studied dynamic botanical air fiitbpa system (DBAF) with polluted
air passing through the plant’s root bed is vepnuising based on the laboratory

evaluation and real-field demonstration.

1) The full-scale chamber experimental results inéiddhat the DBAF had high
initial removal efficiency for formaldehyde anduehe even without plants in the
bed. With the plants, the filter system had eveér initial removal efficiency (90%
for formaldehyde in the first four days, and ova#@for toluene). However, it was
not clear if the microbes played any role in sudhart term test period. The
long-term performance test results indicated thatQBAF was effective over a test
period of 300 days, and the same level of singés pamoval efficiency was
maintained at the end of the test. This indicatedpossible consumption of the

VOCs by the microbes as suggested by one studyomisdy (Wolverton et al., 1989).

The operation of the DBAF resulted if@ temperature decrease and 9-13%
RH increase in the chamber air. In the office expents, the operation of DBAF
resulted in 0.8C temperature decrease and 17.7% RH increase. Gistune
production rate due to the use of DBAF was in #rege of 0.81-1.89 kg/h. Such
moisture generation would improve the thermal caotdondition in winter, while in

summer contribute to little negligible effects tvetmal comfort and cooling load
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(add 5% more humidity load).

Field experiments in the office space indicated the use of the DBAF could
reduce the percent of outdoor air supply from 25-e6%tal air supply without
adversely affecting the indoor air quality if forldehyde and toluene are the target
pollutants that dictate the required ventilatioterdn other words, the DBAF was

able to provide 80% of the required outdoor airsyfor the field study case.

The effect of bed water content on the removabaihldehyde/toluene was also
studied in the field experiments. The single passaval efficiencies were
approximately 60% for formaldehyde and 20% for ¢ole when the volumetric water
content was within the range of 5-32% in the raamt.lA moisture content that was
higher than 32% resulted in significant increassingle pass efficiency (SPE) for the

water soluble compound (formaldehyde) and reducifd®PE for Toluene.

2) In order to improve the understanding of the meidmas of the DBAF system
in removing the volatile organic compounds, a seofefurther experiments were
conducted to determine the important factors afigadhe removal performance, and
the roles of different transport, storage and reshpvocesses were also investigated.
In general, it was found that passing the air tglotihe root bed with microbes was
essential to obtain meaningful removal efficiendpisture in the root bed also
played an important role, both for maintaining @oia@ble living condition for
microbes and for absorbing water-soluble composnds as formaldehyde. The role

of the plant was to introduce and maintain a fabl@anicrobe community that
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effectively degraded the VOCs that were adsorbeabsorbed by the root bed. While
the moisture in a wet bed had the scrubber eftgavater-soluble compounds such as
formaldehyde, presence of the plant increasedaitmeval efficiency by about a

factor of two based on the results from the redtsmde root bed experiments.

Moreover, for the same cross-section area of 0.8&ngand 0.2 m wide, the
dry bed with airflow had an equivalent CADR of t&h. The wet bed with airflow
had an equivalent CADR of 8.5’t. The DBAF had an equivalent CADR of 16.4
m>/h. The difference of wet bed with airflow and DBA&s due to the existence of
plant. It was found that wet bed and microbial camity are the two major factors to
affect the formaldehyde removal. It was hard td fout which one was the dominant
one in short-time test (one day), while the reshtiws that microbial community

would become dominant gradually as time went on.

The biodegradation rate constant for formaldehyds also determined, which
was 2.06E-055at 92% RH and 15 ppb formaldehyde level. It shdagdhoted that
this rate constant was only for comparison. Bec#lusé¢ransfer of formaldehyde
from gas phase into liquid film and formaldehydgrmelation by microbial
community occured in series but not in paralleleyrban not be exactly seperated
from the experimental result, while it can be uasa reference for the model initial

inpu

3) The CHAMPS-BES model was revised and used to ntbeéebperation of the

DBAF. Model verification results showed that thedabcould describe the pressure
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drop and airflow relationship well by using the pérmeability as a model parameter.
The water source added in the model also leadetsithilar bed moisture content and
outlet air RH as that in real test case. For th&C\lPeakthrough curve simulation, the
partition coefficient effect, effect of gas to sbéind gas to liquid mass transfer
coefficient were also investigated. The simulatiesults show the developed model
work well in testing the effect of different parames. It was also found that the
critical bio-degradation rate constant is 1x105 s+ich means the bio-degradation
rate of the DBAF has to be maintained above 1x$@t50 be effective in removing

formaldehyde.

In the model validation part, the fitted bio-degaidn rate constant was obtained
by comparing the simulation results with experinaédata. The fitted
bio-degradation rate constant was in the range8{105x1d s* for the

reduced-scale DBAF tested.

4) Whole building energy simulation results showed tlsang the DBAF to
substitute 80% of the outdoor air supply withouwtexdely affecting the IAQ could
save 30% saving in heating, 3% in cooling and Qii7%an energy consumption for

yearly operation in Syracuse, NY.

Based on the simulation results for different WI8nate zones, it was found that
a higher percentage of energy savings was achievetimate zones where more
heating is required than Syracuse climate (zore fsuch as zone six and seven.

Dehumidification issue needs to be consideredIforate zone one even though it
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has the highest operation cost saving. While it @ssnated that the presence of
DBAF only added 5% more load into the whole buitgdihumidity load. Climate zone
two might be a good place to apply the DBAF pehdsand dry weather feature.
Climate zone three in California area (Zone 3B-@Aght not be a good place to

apply the DBAF due to little yearly operation c6s$179).
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Appendix A. Full-scale Chamber Pull-down
test procedure

A.1 Test Facility and Instrument

The pilot/formal tests for characterizing the periance of the media filter in
terms of VOC removal were carried out in a fulldecstainless steel environmental
chamber depicted in Figure A-1(a). The chamberahdisnension of 16 ft long x 12 ft
wide x 10 ft high (4.84 m long x 3.63 m wide x 3/@5high) and an interior volume

of 1920 £ (54.4 m).

INNOVA 1312 Photoacoustic Multi-gas Monitor was dg$er online
measurements of the concentration of toluene ebpnt/&r'VOGouend, the
concentration of formaldehyde #{fma), and the concentration of tracer gasGQSEs
shown inFigure A-1(b). The monitor was based on the phatosiic infrared
detection method. For TVQ&ene the sensitivity and response factor of the
instrument for different compounds were differesatthe readings from the gas
monitor were only used as semi-quantitative meastarenonitor the change of
TVOC concentrations over time and how they diffei@ddifferent operation

conditions for the pilot tests.
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(@ IEQ chamber (b) INNO\IAR12 gas monitor

Figure A-1 Test facility and instrument

A.2 Test Procedure

Put the filter bed system into the chamber (as shioviFigure A-2)

e Flushed the chamber overnight then set the refuat 800 CFM to make the air

in the chamber in well-mixed. The chamber was mgit full-recirculation

mode

e Injected SF6 to check the air tightness of the di&rmsystem. The concentration

was monitored continuously during the entire testqul

e Set up 1312 photoacoustic multi-gas monitor to iomausly monitor TVOC,

formaldehyde and tracer gas concentration

e Preparation of tested VOC. Weighed calculated armolinuid toluene (target

300mg which equals to approximately 5mginitial chamber concentration) to a

glass bottle with septum; weighed calculated amotiparaformaldehyde (target
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120mg which equals to approximately 2mginitial chamber concentration) to a
glass bottle with septum. The uncertainty relat@ti mjection amount would be

determined from the accuracy and resolution oihgyi

Injection of tested VOC. Quickly opened the chandmr and brought the two

glass bottles (one for formaldehyde and one faridigoluene) into the chamber.
Poured the solid paraformaldehyde into one pesh dnd the liquid toluene into
the other petri dish on the hot plate, left thelbdbn hot plate to facilitate the
evaporation of VOC residuals inside the bottle) enr&lcap inside the chamber.
Then quickly stepped out of the chamber and cltisea¢hamber door. The

whole process was taken approximately 1 to 2 meute
Turned on the power of hot plate from chamber adqanel. Recorded the time
Turned off the power of hot plate after 1 h. Thieaetion period for VOC was 1 h

Turned on the fan power of the filter bed systerat&ot the air filtration system.

Recorded the time as the test started point

The test period lasted about 4 hours (The time ridgxk on when the contaminant

concentration decreased to the background level)
Flushed the chamber once the test was done

Downloaded test data and analyzed test results.
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Figure A-2 Schematics of the test chamber

A.3 Calculation of CADR and Removal Efficiency

Three parameters had been commonly used to quamtifyerformance of air
cleaning devices: single-pass efficiency (conversiolean air delivery rate (CADR),
and effectiveness of the device (Nazaroff, 2000)gI8-pass efficiency and CADR

were used here to evaluate the effectiveness diitdebed.

Single-pass efficiencyyj represented the fraction of pollutants removedfr

the air stream as it passed through the devieeadtdefined as:

_ G(Cin _Cout) _ c:in _Cout
GC, c

n

(A-1)
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Where,

3
Cin: contaminant concentration at the inlet of aiaakr, mg/mfor VOC and

3
number of particles/cnfor particulates.

3
Cui= contaminant concentration at the outlet of aaoler, mg/mfor VOC and

3
number of particles /cnfor particulates.

3
G = airflow rate through the air cleaner, CFM ovim

CADR represents the “effective” clean airflow rdedivered by the air cleaner.

It is defined as:

CADR=17-G-E, -2

Where, E= short-circuiting factor of the air cleaner, Ed#C, where C is average

concentration in the test chambe(rj#El At well-mixed condition).

CADR was calculated from the test resultke analysis was based on the
well-mixed single zone model. Assuming that thenas well mixed in chamber and
the contaminant removal mechanisms other tharleanmg (e.g. surface deposition

effect and chamber leakage effect) were the sarteand without air cleaner

operating and can be characterized by a first-maierconstarkn, the mass

conservation of contaminant can be written as:
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dC

VG?:4KN+CADQ4; (C=G at t=0) (A-3a)
Or

dC CAD

—~ - _(k +2=.c=-k.-C A-3b
=k ) : (A-3b)
Where,

3 3
V - volume of the testing chamber systemoftm,
kn— contaminant concentration decay rate withoutlaaner operating (chamber
-1 -1
effects), min or h

-1 -1
ke— total contaminant concentration decay rate witlkelaaner operating, mirnor h

3
C,— Initial contaminant concentration inside the chammg/mfor VOC and

3
number of particles/cnfor particulates.

If CADR did not change during the test period, aalgtical solution could be

obtained from Equation (A-3) as:

(k,+ CADRy,

C=C,-e ' vV =C,-e* (A-4)

CADR was then determined by linear regressiolm (()C/CO) vs. tfrom the measured

concentration decay curve:
CADR=V (k, —k,) BA-
After the CADR was calculated, together with meaduhe airflow rate through the

air cleaner, the removal efficiency could then akewlated by dividing the CADR by

the airflow rate through the air cleaner. This gldted removal efficiency was the
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same as the single-pass efficiency defined in Egug#-1) since the air in the

chamber was well-mixed.

The step-by-step data analysis procedure for VOS€suamarized as follows:

1. Calculated<n based on the measured tracer gas concentratiog deca
contaminant concentration decay before time zétbéi contaminant

decay during the static period did not match thé &cay very well);

2. Calculated<e by linear regression (C/CO) vs.t from measured

concentration decay curve after turning on thelaaner (dynamic

period);
3. Calculated CADR according to Equation (A-5);

4. Determined the removal efficiency by dividing ttalculated CADR value

by the measured airflow rate through the air cleane
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Appendix B. Application in Real-world

Conditions and Test Procedure

B.1 Source Introduction

In order to simulate contaminant source in thenasin, 48 pieces of unused
particle board were moved into the test room. The af each piece was 48 by 32
inches. Three (3) pieces were used in each culaicdlthere were totally 16

workstations in the test room. The test room wasatpd At 5% outdoor ventilation

flow rate with 70 CFM outdoor air and 1400 CFM tctapply air.

Figure B-1 Contaminant source introduced into &8t toom by using particleboards

B.2 VOC Identification

After the particleboards were placed inside therwsm, an air sample was
taken at the return air duct by using a Tenax surtube, and analyzed by GC/MS.
Table B-1lists the detail the VOC found in the room. Penkafialuene, Hexanal,
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Xylene, Alpha-Pinene, (1s)-(b)-Pinene were seleatethe target VOC in the room.

In addition, formaldehyde and acetaldehyde were ett®sen as target compounds as

they are typically identified as major compoundsaficern in emission testing of

composite wood materials.

Table B-1 Test room VOC identification (By GC/MS)

Est.Conc.
RT Response area VOC Name M.W.  Formula CAS# Note
(ug/m3)
2.664 169,827,440 8.37 OXIRANE, TRIMETHYL- 86 C5H100 5076-19-7
5.059 86,847,696 4.28 MERCAPTAMINE 77 C2H7NS 60-23-1
6.337 118,900,960 5.86 PENTANAL(Valeralde.) 86 C5H100 110-62-3
room
7.897 147,092,128 7.25 TOLUENE 92 C7H8 108-88-3 bkgd
tube
8.626 186,059,488 9.17 CYCLOTRISILOXANE, HEXAMETHYL 222 C6H1803Si3 541-05-9 bkgd
9.562 1,077,273,088 53.08 HEXANAL 100 C6H120 66-25-1
11.344 68,134,416 3.36 BENZENEETHANOL, .ALPHA.,.BEIDIMETHYL- 150 C10H140 52089-32-4
13.019 597,559,104 29.45 .ALPHA.-PINENE 136 C10H16 80-56-8
13.714 50,035,800 2.47 CAMPHENE 136 C10H16 79-92-5
14.348 51,328,636 2.53 CYCLOTETRASILOXANE, OCTAMEYE- 296 C8H2404Si4 556-67-2
14.76 448,029,344 22.08 (1s)-(b)-pinene 136 C10H16 18172-67-3
15.968 61,673,916 3.04 Benzaldehyde
16.441 134,613,712 6.63 d-limonene
16.592 88,311,400 4.35 Octanal 128 C8H160 124-13-0
room
17.88 56,756,684 2.80 Undecane bkgd
18.897 108,563,536 5.35 P-TRIMETHYLSILYLOXYPHENYLIS(TRIMETHYLS 370 C17H3403Si3 1000079-08-1
19.249 79,402,592 3.91 Nonanal 142 C9H180 124-19-6
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21.382 95,913,080 4.73 PENTADECANAL- 226 C15H300 2765-11-9

21.518 240,076,816 11.83 2-PROPENOIC ACID, 6-METHIMEPTYL ESTER 184 C11H2002 54774-91-3

Table B-2 lists the target compounds that wereioaatisly monitored by PTR-MS.
It also shows the solubility of these compoundwater, which would help to
understand the filter bed performance in removiagewsoluble vs. non-soluble

compounds.

Table B-2 Target compounds monitored by PTR-MS ass of 21)

VOC Name M.W. Formula CAS# Solubility in water
Formaldehyde 31 CH20 50-00-0 Soluble
Acetaldehyde 45 C2H40 75-07-0 Soluble
Pentanal (Valeralde.) 86 C5H100 110-62-3 Very shigsoluble
Toluene 92 C7H8 108-88-3 Insoluble
Hexanal 100 C6H120 66-25-1 Insoluble

Xylene 106 C8H10 1330-20-7 Insoluble
Alpha-Pinene 136 C10H16 80-56-8 Insoluble

B.3 Filter Bed Single Pass Efficiency Measurement

The filter bed single pass efficiency (SPE) wouddbito understand the change
of the test room contaminants concentration affteffitter system was turned on. The

single pass efficiency was measured as follows:
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e The contaminants concentration of the filter ugstravas measured for a
number of five minute intervalsand the averagénese five minutes data was

taken as data 1;

e The sample system was switched to downstream. diiamminant
concentration of the filter downstream was meastoetlve minute intervals
and the average of these five minutes data was takelata 2, and it was used

as the downstream concentration;

e The monitor was switched back to measure the wgst@ncentration for the
next five minutes and the average of these fiveutemdata was taken as data

3
e The average of data 1 and data 3 was used asstreaqp concentration;

e The filter single pass efficiency could be obtaimstdne minus downstream

concentration divided by upstream concentration.

B.4 Effect of Bed Water Content to the Single Pass

Efficiency

® The media bed was irrigated with water until itém®e saturated, which can be
realized in this way: an automatic irrigation syste&as setup to achieve this. A
moisture control sensor was used to continuouslyitoothe moisture content

(M.C.) in the filter bed and it was set-up at theusation level (50%). The
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irrigation was kept on running until the signalhigf the moisture sensor was

off, which means the media bed was saturated ajread

The fan was kept running at its maximum flow ra8®@fm) until inlet air RH
was close to the outlet RH: the moisture controkse was set-up at its minimum
level to avoid the fan stopping running during tst period, which means get

the media bed dry gradually

In the first half hour, PTR-MS was used to meashieecontaminants
concentration of upstream for five minutes, andawerage was taken as data 1,
and then it was switched to downstream for andih@inute measurement and
the average was taken as data 2, after that iswdshed back to upstream for
another fiveminute measurement, and the average¢akes as data 3. The
average of data 1 and data 3 was used as theaipstedue, and data 2 was used
as the downstream value. The single pass efficiarasyobtained: one minus

downstream value divided by upstream value

After that, the test period was extended to 10 teitor each side, then it took

30 minutes to get one single pass efficiency

The procedure of measuring single pass efficienay r@peated every 30 minutes
until the bed water content was lower than 5%, thed the filter bed single pass

efficiency at different moisture level could be aibed.
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B.5 Test Room Contaminants Concentration Monitoring

® On the first day, PTR-MS started to monitor themnoconcentration, and the
first-two-hour test result was taken as room baokgd, and a GC/MC sample

was also taken at the same time

® After two hours, the particleboards were movedhen four hours later, a
GC/MS sample was taken to identify the VOCs existimtipe room, and hexanal,
pentanal, toluene, xylene, pinene, formaldehydeaaethldehyde were selected

as target compounds

® In the second day, the room ventilation was adjugis% (70 CFM outdoor air)
at first, then eight hours later, was increaseso%( 700 CFM outdoor air); 16

hours later, it was switched back to 5%

® Twenty four hours later, the filtration system viashed on and kept running for
eight hours; then was shut off; and then the fiti@ioff cycle was repeated two

more times

® In the second week, two more tests were done tatargdhe room contaminant

concentration change at ventilation of 25% and 10%.

® See Table B-3 for the schedule for the two-week tes
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Table B-3 The schedule for the two-week test

Test period Time (h) Procedure

0 Got PTR-MS started

2 Moved particle board in

24 Adjusted outdoor air to 5%

32 Adjusted outdoor air to 50%

45 Adjusted outdoor air back to 5%
Week 1 72 Turned on the filter

78 Turned off the filter

100 Turned on the filter

108 Turned off the filter

124 Turned on the filter

132 Truned off the filer

0 Got PTR-MS started (with 5% outdoor air)

8 Adjusted ventilation to 25%
Week 2 24 Adjusted ventilation back to 5%

32 Adjusted ventilation to 10%

48 Adjusted ventilation back to 5%

Table B-4 Air change rate for different operationdas

Room
Supply air  Operation mode Air change rate (times/h)

Volume

50% OA 4.5

25% OA 2.2
9385 ft3 1400cfm

10% OA 0.9

5% OA 0.4
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Appendix C. COE Building Humidity Load

Calculation

Table C-1 COE building humidity load calculation

LEAKAGE & INFILTRATION LOAD 273.12 kg/Hr
Formula: LOAD =(C-B)x0.0012x AXxD X Ex F

A = VOLUME OF CONDITION SPACE (m3) 11854

B = DESIGNED HUMIDITY (g/kg) 12.000

C = SURROUNDING HUMIDITY (g/kg) 20.000

D = VOLUME FACTOR ( Note A) 0.2

E = PRESSURE FACTOR ( Note B) 1

F = CONSTRUCTION FACTOR ( Note C) 1

G= Delta g/kg factor (calculated) 12.00 0
HUMAN LOAD 16.58 kg/Hr
Formula: LOAD =GxH x0.15

G = NUMBER OF PEOPLE 165

H = Work Load Coeff (0.5 Light to 1.6 Heavy) 0.67

MADE UP AIR LOAD 44,7720 kg/Hr
Formula: LOAD = (K- B) x J x 0.0012

J = Air volume in CMH 3731

K = MADE UP AIR HUMIDITY (g/kg) 22.000

DOOR OPENING LOAD 0.00 kg/Hr
Formula: LOAD = (M-B) x 0.0012x Nx PxL x0.3

L =TOTAL DOOR X-SECTION AREA 0

M = NEXT DOOR AIR HUMIDITY (g/kg) 15

N = EACH OPENING TIME ( seconds) 30

P = NUMBER OF OPENING /HOUR 2

HYGROSCOPIC MATERIAL LOAD 0.00 kg/Hr
EXPOSED WATER SURFACE LOAD 0.00 kg/Hr

TOTAL HUMIDITY LOAD 334.47 kg/Hr
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Table C-2 Determination of note A, B, and C in Ealb-1

Note A (Volume factor) Note B ( +ve Pressure factor)

Note C ( Construatn factor)

<400 CU METER =04 +0Pa =1 Wooden wall vathcks =210 3

1000 CUMETER =03 +30Pa=0.6 Basement =1.8to25

5000 CUMETER =0.25 +60Pa=0.3 4 walls expdserain =15t02

>10000 CU METER = 0.22 Ground Floor 2Mb 1.5
Gypsum walls =1to1.3
Normal good walls =1
Oil based painted wall =0.8t00.9
Double epoxy painted wall =0.7 to 0.8
Freezer insulated seal wall =0.6t0 0.8
Tight sealed metal frame =0.3t00.5
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