IMPEDANCE-BASED MOISTURE CONTENT SENSOR
ASSESSMENT FOR GAS-PHASE BIOFILTER MEDIA
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ABSTRACT. A woodchip-based gas-phase biofilter is capable of mitigating livestock airborne ammonia efficiently with low
cost. Control of the moisture content (MC) of biofilter media is critical for ammonia mitigation and limiting nitrous oxide
generation. It is important to monitor the real-time biofilter MC to maintain biofilter performance. The objectives of this
study were to further develop and evaluate impedance-based MC measurement and to improve methodologies to monitor
the MC of gas-phase biofilters. A sensor consisting of a sensing unit (three perforated parallel plates) and a circuit gener-
ating DC voltage output was used to measure MC. The sensor readings changed significantly with stepwise MC increases,
particle size distribution, and nitrogen (ammonia-nitrogen, nitrate-nitrogen) concentrations in biofilter media. A mathemat-
ical model was developed for the relationship between the sensor reading and MC. A statistical model was established to
predict the MC in biofilter media based on the sensor reading, ammonia-nitrogen concentration, and nitrate-nitrogen con-

centration.
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mmonia emissions contribute to a variety of en-

vironmental problems related to reactive nitro-

gen cascade, a phenomenon that describes multi-

ple sequence effects of ammonia on ecosystems
(atmosphere, terrestrial ecosystems, and freshwater and ma-
rine systems) caused by reactive nitrogen (Galloway, 1998,
2003, 2013). Reactive nitrogen cascade causes eutrophica-
tion, which leads to depletion of dissolved oxygen and det-
rimental impacts on aquatic life and vegetation (Erisman et
al., 2007; Hong et al., 2013). Additionally, ammonia emis-
sions pose negative impacts on human health through partic-
ulate matter formation and deposition (Galloway et al., 2003;
Pope, 2000; Pope and Dockery, 2006). Ammonia emissions
from agricultural sources are dominant over other natural
emissions and are the largest contributors to the global in-
ventory (Allen et al., 2011; Bouwman et al., 2002), with a
range of 27 to 38 Tg (1 Tg = 10'? g) per year. Livestock pro-
duction accounts for 59% to 71% of global agricultural am-
monia emission (Beusen et al., 2008). In the U.S., ammonia
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arises from agricultural sources, with concentrated animal
feeding operations (CAFOs) as the dominant source (Bal-
asubramanian et al., 2015, 2017). Research related to the
control of livestock-derived airborne ammonia emission is
crucially needed.

Gas-phase biofiltration has been designated by the Illi-
nois State Office of the Natural Resource Conservation Ser-
vice as a candidate technology for livestock ammonia emis-
sions control (Delhoménie and Heitz, 2005; Yang, 2013).
During biofilter operation, air is forced through the biofilter
media continuously, and ammonia can be retained in the me-
dia (la Pagans et al., 2005; Nicolai et al., 2006). Previous
research suggested that woodchip-based biofiltration was
capable of mitigating livestock airborne ammonia efficiently
with a low cost (Chen et al., 2009). The moisture content
(MC) of the biofilter media was regarded as the key deter-
minant for biofilter performance (Maia et al., 2012a). Ni-
trous oxide (N,O), a potent greenhouse gas, can be produced
primarily under incomplete denitrification processes within
a biofilter (Melse and Hol, 2017). The generation of N>O is
closely related to media MC, especially at high MC condi-
tions (Maia et al., 2011a, 2012a). There is no precise MC
setting for biofilter operation, but a recommended MC range
of 35% to 65% has been suggested (Chen and Hoff, 2009;
Maia et al., 2012b). In addition to MC, particle size also af-
fects the performance of a biofilter. Yang et al. (2011) and
Maia et al. (2011b) tested the airflow resistances of numer-
ous biofilter media and their mixtures and suggested that
particle size distribution and media compaction were signif-
icant in determining pressure drop during biofilter operation,
and that the MC relation for a given media strongly de-
pended on particle size distribution.

Maintaining the MC within a desired range requires pre-
cise and robust moisture measurement. However, because
woodchips have a larger and more varied particle size com-
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pared to soil (Yang et al., 2011), regular soil sensors are in-
applicable for moisture measurement in biofilter media.
Even if the probe successfully contacted the biofilter media,
the local measurements are not suitable for global MC meas-
urement. Reyes et al. (2000) suggested using a time domain
reflectometry (TDR) probe to monitor mixed biofilter media
consisting of 60% compost and 40% pearlite, but such a bio-
filter media mixture was not ideal for practical application
due to excessive pressure drop. D’Amico et al. (2010) suc-
cessfully stimulated a wire probe with pulse signals to meas-
ure the round-trip time to indicate MC, but the measurement
variation increased significantly when the MC exceeded
40%. Hultnés and Fernandez-Cano (2012) tested and evalu-
ated a Mantex Desktop Scanner based on dual energy X-ray
with pine woodchips; however, this method required hospi-
tal instruments, which can be expensive. To date, none of the
methods developed have been perfected enough to be put
into field practice. More research on moisture sensors is
needed, especially for low-cost real-time continuous meas-
urement in livestock facilities.

The use of impedance, rather than electrical conductivity
(EC) or electrical resistance (R), in the prior study was se-
lected because the impedance sensor was driven by alternat-
ing current. Impedance in AC systems is equivalent to re-
sistance in DC systems, and the corresponding analog for EC
in an AC system is admittance. Using impedance allows gen-
eralization of the key controlling factors in gas-phase ammo-
nia biofiltration. Recently, an impedance-based moisture
sensor was developed that performed better than a capacitive
parallel-plate moisture sensor (Yang et al., 2013a, 2013b).
The principle of this sensing method takes advantage of the
dielectric characteristic of the biofilter media. In a biofiltra-
tion system, the dielectric constant (an important index for
the dielectric properties) of liquid water (80.1 at 20°C) is
much higher than that of air (1 at 20°C) and woodchips (1 to
5 at 20°C). However, the dielectric constant of ammonia is
16.61 at 20°C (Billaud and Demortier, 1975), which may in-
fluence the sensing results. Large amounts of ammonium
and nitrate ions may accumulate in biofilter media, but the
previous research did not evaluate their effects on the imped-
ance of the biofilter media. In fact, a woodchip-based biofil-
ter is comprised of multiple components, including wood-
chips of varying size, free water, trapped air, and different
forms of nitrogen. Ammonia-nitrogen and nitrate-nitrogen
are the two major nitrogen compounds, which account for
50% to 100% of total nitrogen in the biofilter (Yang et al.,
2012), and they arise from the building ventilation air
stream. During operation, the maximum accumulating con-
centrations of ammonia-nitrogen and nitrate-nitrogen were
78.9 and 249.7 mg kg™! (dry basis), respectively (Hood et al.,

2015), although this will vary with loading rate and other
factors, such as media age. Particle size distribution is an-
other key issue, as it affects the contact area between the
sensing probe and the biofilter media. To the best of our
knowledge, previous studies failed to consider the influences
of particle size and nitrogen accumulation on sensor perfor-
mance.

This study sought to improve the moisture sensing meth-
ods of Yang et al. (2013a, 2013b). The objectives were to:
(1) examine the effects of particle size and nitrogen loading
on moisture sensing, and (2) develop models to facilitate
real-time moisture monitoring of a gas-phase biofilter. The
actual pH of the biofilter media was not determined. The in-
fluences of pH and microbial activity on biofilter media im-
pedance were not investigated in this study. Other factors,
such as ionization of ammonia, partitioning of ammonia/am-
monium between liquid and solid phases, and ionization ef-
fects on dielectric constant, were not considered in this study
because they may be determined or affected by the pH value.

MATERIALS AND METHODS
OVERVIEW

Figure 1 shows the schematic of this study. To understand
the impacts of particle size distribution (PSD) on the imped-
ance of the biofilter media, two PSD scenarios were consid-
ered. To study the impacts of nitrogen loading on the imped-
ance of biofilter media, a four-step procedure was followed.
The first step compared the impedance of biofilter media
with the same ammonia-nitrogen concentration but different
nitrate-nitrogen concentrations. The second step investi-
gated ammonium hydroxide enriching and ammonium ni-
trate enriching. In the third step, a mathematical model was
developed to describe the relationship between sensor read-
ing and MC, which served as a precursor for a statistical
model. Finally, the statistical model was developed to quan-
titatively correlate the ammonia-nitrogen concentration, ni-
trate-nitrogen concentration, and MC with the sensor read-
ing.

MEDIA SELECTION

Woodchips, consisting of shredded and chipped mixed
wood stock, were obtained from a landscape recycling center
in Urbana, Illinois. They were naturally dried to 10% to 15%
MC (wet basis). Two media groups (PSDs of 0.2 to 0.8 cm
and 0.8 to 1.9 cm) were sorted from the mixture using a Penn
State Forage Particle Separator (Product No. C24682N,
Nasco, Fort Atkinson, Wisc.). Wood chips were not reused
in this test.

Effects of particle size

distribution

loading conditions

based biofilter media

[Comparison of different nitrogen

Effects of nitrogen loading

Impedance of woodchip- ]

Modeling
(mathematical and statistical)

Figure 1. Schematic of procedures and methods.
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Figure 2. Simplified schematic of the sensor circuit and parallel plates
(adopted from Yang et al., 2013a).

SENSOR CONSTRUCTION

The sensor design (fig. 2) was composed of a condition-
ing circuit and a sensing unit (Yang et al., 2013a, 2013b).
The circuitry consisted of a voltage-divider circuit and a
peak-detector circuit. The principle of the circuitry is to com-
pare the impedance of the biofilter media mounted between
sensor plates (Zyioiner) to a reference capacitor (Zy.y). Sine-
wave AC voltages with £2.0 V P-P were generated, then
converted to two DC voltages (V;, and V,.) by a voltage di-
vider circuit and integrated circuits, and finally recorded us-
ing a data acquisition system (Personal Daq/56, Measure-
ment Computing, Norton, Mass.). The acquired signals were
applied to the following equation to calculate the voltage ra-
tio as the sensor reading:

+

z
=1+ (1)

‘Zbioﬁlter

|V[n| _ ‘Zbioﬁlter Zref

reading = |V
out|

Zbioﬁlter

Previous tests on the sensor showed that the impedance
was distinguishable at a high frequency of 100 kHz. The sen-
sor reading was a function of the media impedance, which
was related to the media MC. The sensing unit consisted of
three parallel coated steel plates (80% perforated with
2.54 mm holes), separated by three sets of plastic bars. The
top and bottom plates were grounded, while the middle plate
was energized. The size of each plate was 30 cm % 30 cm,
while the distance between the center and side plates was
7.5 cm. The sensing plates were installed in the center of a
sealed plastic test chamber (62.5 cm X 47.6 cm % 35.2 ¢cm, L
x W xH) and filled with biofilter media. The height between
the lowest plate and the bottom of the chamber was 5 cm,
while height between the highest plate and the top of the bio-
filter media was also 5 cm. A total of three sets of sensors
were fabricated and used in this study.

PARTICLE SIZE AND MOISTURE CONTENT

To control the PSD of the biofilter media, two groups of
media (PSD of 0.2 to 0.8 cm and PSD of 0.8 to 1.9 cm) were
re-mixed at volume ratios of 1:1 and 1:4. The MC of the
woodchips was increased gradually by adding DI water man-
ually with a 5% increment of the MC. The time interval be-
tween water additions was 3 to 4 days. For each operation,
the biofilter media was taken out of the test chamber and
mixed with water on a tray. Water was added as a spray. The
biofilter media was then placed back into the chamber as
soon as possible. The sensor outputs (V;, and V,.;) were rec-
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orded every 10 min for 2 to 3 days. For each batch, the bio-
filter media was sealed in the test chamber, and the biofilter
was operated at a normal room temperature (22°C). Nor-
mally, biofilters are subjected to airflow. However, to reduce
water loss, no airflow was applied in this study.

NITROGEN ENRICHING

Biofilter media with a 1:4 particle size mixture ratio was
used for this study. Nitrogen enriching was carried out by
adding ammonium hydroxide and ammonium nitrate. The
objective of adding ammonium hydroxide was to introduce
ammonia-nitrogen only into the biofilter media and to deter-
mine the influence of ammonia-nitrogen on the impedance
of the biofilter media. The objective of adding ammonium
nitrate was to introduce both ammonia-nitrogen and nitrate-
nitrogen at a ratio of 1:1 (stoichiometric ratio of ammonium
and nitrate) into the biofilter. The biggest challenge of this
test was that neither the ammonia-nitrogen nor the nitrate-
nitrogen could be completely absorbed/adsorbed by the bio-
filter media. Nitrogen might be lost in the form of ammonia
gas during the mixing and measuring steps.

The ammonium hydroxide or ammonium nitrate was
added to the media when the MC was 30%. Sensor outputs
Vin and V,,, were recorded every 10 min for 2 to 3 days. As
limited by the experimental setup, three batches at most were
available for each scenario. There was no replication for the
batch treatments. For the purpose of covering wider ranges
of nitrogen concentrations and some special scenarios, the
parameters of each biofilter batch, as well as the procedure
of each experiment, are shown in table 1.

Scenario 1: To analyze the influence of nitrogen loading
on the impedance of the biofilter media, batch B was treated
with 0.75 mg of ammonia-N per gram dry media of ammo-
nium hydroxide enriching, and batch C was treated with
0.75 mg of nitrate-N per gram dry biofilter media of ammo-
nium nitrate enriching. The MC of the biofilter media ranged
from 35% to 65%.

Scenario 2: To analyze the change in impedance of the
biofilter media caused by ammonia-nitrogen, two concentra-
tion levels of ammonia hydroxide enriching were used: batch
A was treated with 0.25 mg of ammonia-nitrogen per gram
dry biofilter media, and batch B was treated with 0.50 mg of
ammonia-nitrogen per gram dry biofilter media. The MC of
these batches ranged from 30% to 65%.

Scenario 3: To analyze the influence of the nitrate-nitro-
gen associated with ammonia-nitrogen on the impedance of
the biofilter media, two concentration levels of ammonium
nitrate enriching were used for the test: batches A and B were
treated with nitrate-nitrogen associated with the same am-
monia-nitrogen at concentrations of 0.0625 and 0.5 mg per
gram dry biofilter media, respectively. A slight adjustment
regarding this series of experiments was that the increment
for MC was uneven. The starting MC for measurement was
35%, and then all MC values were immediately increased to
50%.

Scenario 4: To analyze the influence of a high concen-
tration of nitrate-nitrogen associated with ammonia-nitrogen
on the impedance of the biofilter media, two concentration
levels of ammonium nitrate enriching were tested: batches A
and B were treated with nitrate-nitrogen associated with the
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Table 1. Summary of nitrogen-enriching treatments (nitrogen concentration = mg ammonia-N or nitrate-N per gram dry media).

Scenario 1: Scenario 2: Scenario 3: Scenario 4:
Testing Batch Nitrogen Loading Ammonium Hydroxide Ammonium Nitrate Ammonium Nitrate
Batch A Control group 0.25 ammonia-N 0.0625 nitrate-N 1.25 nitrate-N
+0.0625 ammonia-N + 1.25 ammonia-N
Batch B 0.75 ammonia-N 0.50 ammonia-N 0.50 nitrate-N 1.75 nitrate-N
+ (.50 ammonia-N + 1.75 ammonia-N
Batch C 0.75 nitrate-N - - -

+0.75 ammonia-N

same concentration of ammonia-nitrogen at 1.25 and
1.75 mg per gram dry biofilter media, respectively. In this
scenario, MC ranged from 35% to 65%.

SAMPLING AND ANALYSIS

Samples were taken from the upper (two samples), mid-
dle (two samples), and lower layers (two samples) of the test
chambers. The weight of each sample was 30 g. The samples
were then re-mixed for a composite moisture measurement.
MC was measured 2 h after each operation, while the nitro-
gen concentrations and the pH of the biofilter media were
measured 36 h after each operation. A 30 g sample was dried
in a 105°C oven for 24 h to determine the wet basis MC.
Triplicate subsamples were analyzed and averaged. Nitrogen
concentrations were measured based on modified TMECC
04.02 standards (Thompson et al., 2001). Samples with 4 g
woodchips were extracted by 40 mL of DI water. Each sam-
ple was mixed using a mixer for 5 min to dissolve the mole-
cules, ions, and gasses. The mixture was centrifuged
(3000 rpm for 30 min), and then the pH value of the super-
natant was measured with a pH meter (PH1100 Series, Oak-
ton Instruments, Vernon Hills, I11.). In this study, the exact
pH value of the biofilter media was not determined because
the measured supernatant pH value based on the protocols
may not have indicated the actual pH of the biofilter media
(e.g., the MC of the biofilter media changed when introduc-
ing water for extraction) (Sullivan and Miller, 2001). The ni-
trogen concentrations of the filtrate were analyzed with a
spectrophotometer (model DR/2010, Hach Co., Loveland,
Colo.). Ammonia-nitrogen (the sum of NH4*-N and NH4OH-
N) was measured using Method 8155 (0 to 0.50 mg L"), and
nitrate-nitrogen (NO3-N) was measured using Method 8171
(0 to 4.50 mg L"!). The effects of NHs"-N and NH4OH-N on
impedance were not explored in this study because of the
lack of pH data.

MATHEMATICAL AND STATISTICAL
MODEL CONSTRUCTION

The relationship between sensor reading and MC can be
established by a mathematical model. Because the causation
between nitrogen concentrations and sensor reading is far
from certain, to make use of the data, statistical models were
used to explore correlation patterns.

The impedance of the biofilter media can be regarded as
a simplified parallel connection of a resistor and capacitor
with a single time constant (Kandala et al., 1996; Yang et al.,
2013a). Equations 1 through 3 define the impedance sensing
principle of the impedance-based moisture sensor:

1

Loy =——— 2
o J O)Cref @
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where the unit of impedance (2) is Q. Because the imped-
ance of the biofilter media can be regarded as a parallel con-
nection of a resistor and capacitor, its impedance can be cal-
culated as:

1

JOChiofilter

1
Rbioﬁlter Xe——— (3)
J "chioﬁlter

1
J wcbioﬁlter

Zbioﬁlter = Rbioﬁlter 1

Rbioﬁlter +

where

C,r = capacitance of reference capacitor (constant)

o = angular frequency

Ryiopinier = resistance of biofilter media

f=frequency of imposed alternating field

j = index of imaginary part (the square root of -1)

/I = symbol of parallel connection.

A paired t-test was applied to the sensor readings to de-
termine the influence of the PSD of the biofilter media. Mul-
tiple linear regression (MLR) was used to model the rela-
tionship among sensor reading, MC, and nitrogen concentra-
tion. Linear regression was also used to evaluate the predic-
tive model. Data analysis was carried out in the R statistical
environment (R-Studio, Boston, Mass.) and Origin 2016
(OriginLab Corp., Northampton, Mass.). Package “forecast”
in R was applied for data treatment, which generated the pre-
dicted value of the sensor reading.

RESULTS AND DISCUSSION
SENSOR RESPONSE TO PARTICLE SIZE
AND MOISTURE CONTENT

Differences in sensor readings (Vi/Vou) Were noticed be-
tween the two batches with different PSDs (fig. 3). The dif-
ferences increased with the MC. At each moisture measure-
ment, the sensor reading remained steady, as indicated by the
small standard deviations. For MC ranging from 40% to
60%, the sensor reading of the testing batch with 1:1 volume
ratio was higher than that with 1:4 volume ratio. Paired t-
tests confirmed that the PSD made a significant difference in
moisture sensing (p < 2.2e-16).

One possible reason for the differences between sensor
readings for the two particle size batches could be the contact
area between the woodchip particles and the sensing units.
When the volume percentage of small particles decreased
from 50% (1:1 volume ratio) to 20% (1:4 volume ratio), the
small particles had fewer chances to contact with the sensor
plates, which led to a decrease in the total contact area and
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Figure 3. Sensor response to changing particle size: (a) real-time sensor readings at varied moisture contents and (b) means and standard devia-

tions of sensor readings at varied moisture contents.

resulted in higher impedance, thus the lower sensor reading.
Another possible reason may be due to the compaction effect
(Yang et al., 2013a). A volume with small particles has more
surface area and thus can adsorb more water than larger par-
ticles. Smaller particle mixtures also tend to settle due to
gravitational force; the smaller particles the biofilter con-
tained, the more compressed the biofilter media could be, re-
sulting in more water within the sensing unit. Smaller parti-
cles also reduced the void space in the testing batch, which
minimized the air space. Because the water and the wood-
chips had lower impedance compared to air, the impedance
of the biofilter media with many smaller particles would de-
crease, thus increasing the sensor reading.

SENSOR RESPONSE TO NITROGEN CONCENTRATION
WITH CHANGING MOISTURE CONTENT
Influence of Different Nitrogen Loadings

The sensor response (Vi/V,u) to nitrogen-enriching sce-
nario 1 is shown in figure 4. The sensor readings of the con-
trol group were in the range of 2.3 to 8.5 during the test,

65%

20 = Control group
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18 4  Ammonium hydroxide enriching
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g wada,
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Ammasuttn. ——
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4
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while the sensor readings of the nitrogen loading batches
were in the ranges of 3.6 to 10.8 for ammonia nitrate enrich-
ing and 3.5 to 19.3 for ammonia hydroxide enriching. Dis-
tinct differences appeared between the nitrogen loading
batches and the control group. The most rapid increase was
in the batch with ammonium hydroxide enriching when the
MC exceeded 50%. For the batch with ammonium nitrate
enriching, the increase in sensor output with MC was also
significant. The disparities in sensor readings between
groups were increased along with increasing MC. The con-
tribution of MC to an increase in sensor readings has been
demonstrated by previous research (Yang et al., 2013a,
2013b). These results show that nitrogen loading signifi-
cantly affected sensor readings along with the changing MC.

Figure 5 explores the relationship between sensor reading
and nitrogen loading. With respect to ammonium hydroxide
enriching, the most impressive feature was that the ammo-
nia-nitrogen concentration remained constant, which was
also the dominant form of nitrogen within the biofilter media
during the test. There was no significant difference in the ni-
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Figure 4. Sensor response to nitrogen enriching: (a) real-time recording of sensor readings at each moisture step and (b) means and standard
deviations of sensor readings at varied moisture contents (no nitrogen enriching for the control batch, 0.75 mg of nitrate-nitrogen per gram of
dry biofilter media for ammonium nitrate enriching, and 0.75 mg of ammonia-nitrogen associated with 0.75 mg of nitrate-nitrogen per gram of

dry biofilter media for ammonium hydroxide enriching).
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Figure S. Profiles of nitrogen concentrations for different methods of nitrogen enrichment: (a) 0.75 mg of ammonia-nitrogen per gram of dry
biofilter media for ammonium hydroxide enriching and (b) 0.75 mg of ammonia-nitrogen associated with 0.75 mg of nitrate-nitrogen per gram of

dry biofilter media for ammonium nitrate enriching.

trate-nitrogen concentration between the control group and
the ammonium hydroxide enriching group. With respect to
ammonium nitrate enriching, the concentrations of nitrate-
nitrogen and ammonia-nitrogen were both higher than those
in the control group. Another noticeable trend was that both
forms of nitrogen decayed over time.

The difference in sensor responses may be explained by
the introduction of nitrogen, which changed the impedance
of the biofilter media. The lower sensor reading for ammo-
nium nitrate enriching compared to ammonium hydroxide
enriching might be attributed to the introduction of nitrate-
nitrogen, which increased the impedance of the biofilter me-
dia, resulting in the decreased sensor reading. Because the
impedance of the biofilter media is determined by the die-
lectric constant, the smaller the dielectric constant, the lower
the capacitance, and thus the higher the impedance would be.
In this test, the introduction of nitrate-nitrogen reduced to
nitrate ions, which decreased the dielectric constant of the
media. This result is consistent with the study carried out by
Lileev et al. (2003), who found that the values of the dielec-
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tric constant of a solution containing nitrate ions decreased
with the increase in salt concentration, and the stronger the
ion hydration, the less the dielectric constant.

INFLUENCE OF AMMONIUM-HYDROXIDE
AND AMMONIUM-NITRATE

Biofilter media with a 1:4 particle size mixture ratio was
used for all the scenarios. To determine the influence of am-
monia-nitrogen on sensor performance, figure 6 shows the
sensor outputs for two tests with different nitrogen loading
concentration along with increased MC (scenario 2). Ammo-
nia-nitrogen was the dominant nitrogen compound in all
batches, and its concentration remained stable. It can be as-
sumed that there was little influence of nitrate-nitrogen in
this test because its concentration was far lower than that of
ammonia-nitrogen. A positive correlation between the sen-
sor reading and ammonia-nitrogen concentration was found.
A potential explanation for the trend of sensor output with
ammonia-nitrogen concentration could be the impedance
change. In the biofilter, ammonia-nitrogen can be in the form

Batch A: - Nitrate-N —®— Ammonia-N
Batch B: -8 Nitrate-N —&— A ia-N

Moisture content (% wet basis)

(b)

Figure 6. Results of ammonium hydroxide enriching: (a) means and standard deviations of sensor readings at varied moisture contents and
(b) nitrogen concentrations of biofilter media at varied moisture contents (batches A and B were treated with 0.25 and 0.50 mg of ammonia-

nitrogen per gram of dry biofilter media, respectively).
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of dissolved ammonia-nitrogen and free ammonia. The dis-
solved ammonia-nitrogen can be divided into two species:
ionized ammonium (NH4") and un-ionized ammonia
(NH;3-H>0). Both dominant components, free ammonia and
un-ionized ammonia, decreased the impedance of the media
and caused an increase in the sensor reading. In summary,
the introduction of ammonia-nitrogen decreased the imped-
ance of the biofilter media, and the lower impedance led to
a higher sensor reading.

To evaluate the influence of ammonia-nitrogen and ni-
trate-nitrogen at comparable concentrations on sensor per-
formance, an ammonium nitrate enriching test (scenario 3)
was carried out (fig. 7). In this test, to diminish the influence
of other variables (e.g., microbial activity, aging of the
woodchips), the MC interval between each operation was in-
creased. Figure 7 suggests that a higher ammonium-nitrate
concentration resulted in a higher sensor reading. It indicates
that the impedance of the biofilter media was influenced by
the combined effects of ammonia-nitrogen and nitrate-nitro-
gen. However, at this point, the individual contributions of
ammonia-nitrogen and nitrate-nitrogen are not clear. This
will be determined using statistical analysis.

1| v BatchA
]| = Batch B u

5.0+

Sensor reading (
©
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P R

N
(4]
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Moisture content (% wet basis)
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As a special case, to consider the influence of high nitro-
gen concentration on the impedance of the biofilter media
(scenario 4), biofilter batches were treated with ammonium
nitrate enriching at extremely high concentrations (fig. 8).
What should be noted is that the pH in figure 8 was the cor-
responding pH value of the supernatant when measuring the
nitrogen concentration, which did not represent the pH value
of the biofilter media (solid) during operation. The sensor
readings ranged from 4.6 to 28.6. The higher sensor readings
compared to those obtained in previous studies indicate that
the introduction of nitrogen at a high concentration had a sig-
nificant impact on the sensor reading. However, there was
no significant difference in sensor readings between batch A
and batch B. This observation reinforces the importance of
considering all the potential variables (MC, ammonia-nitro-
gen, and nitrate-nitrogen) for sensor readings. In addition,
there might be interactions between nitrogen enriching and
MC. The pH value is another potential factor because it af-
fects the total ammonia present as un-ionized ammonia and
the phase partitioning of ammonia and ammonium (Bower
and Bidwell, 1978; Emerson et al., 1975; Jaeschke et al.,
1998).

= 1 |Batch A:---¥-- Nitrate-N —— Ammonia-N
T 1 |Batch B:--#-- Nitrate-N —A— Ammonia-N

Moisture content (% wet basis)

(b)

Figure 7. Results of ammonium nitrate enriching: (a) means and standards deviation of sensor readings at varied moisture contents and (b) ni-
trogen concentrations of biofilter media at varied moisture contents (biofilter batches A and B were treated with nitrate-nitrogen associated with
the same ammonia-nitrogen at concentrations of 0.0625 and 0.5 mg per gram of dry biofilter media, respectively).
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Figure 8. Results of ammonium nitrate enriching: (a) means and standard deviations of sensor readings at varied moisture contents and (b) ni-
trogen concentrations and pH of biofilter media at varied moisture contents (biofilter batches A and B were treated with nitrate-nitrogen associ-
ated with the same ammonia-nitrogen at concentrations of 1.25 and 1.75 mg per gram of dry biofilter media, respectively).
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MATHEMATICAL MODEL

The following mathematical model was established to
demonstrate the relationship between sensor reading and
MC.

Theoretical Assumptions and Validation
The following assumptions were made to simplify the

modeling process:

1. The volume fraction of nitrogen was assumed negligible
compared to water. The unit of nitrogen concentration in
this study was mg N per g dry media. The chemical pow-
der dissolved in the water were negligible.

2. The impedance of the biofilter media was considered as a
simple parallel connection of a resistor and a capacitor,
and the contribution of the resistor to the impedance was
little compared to a capacitor.

The validation was based on the results of the experi-
ments. The impedance of the reference capacitor |Z,| was:

Ll 1 —iso150 @
s 2nx105Hz><10 °F|

_|]w

The sensor readings ranged from 2 (35% MC) to 20 (55%
MC), corresponding to the impedance of the biofilter media
ranging from 1591.5 to 83.7 Q. The resistance of the biofilter
media was calculated based on the conductivity (Zelinka et
al., 2008) and equation 5:

R=p— 6))

where R is the resistance (Q2), A is the length of the conductor
(m), A4 is the cross-sectional area of the conductor (m?), and
p is the electrical resistivity (€2-m).

Based on the calculation, the resistance of the woodchips
decreased with increasing MC. However, for MC of 35%,
the resistance was 10* Q, and for MC of 55%, the resistance
was 10° Q. Both values were much higher than the imped-
ance. Because the equivalent impedance of a parallel-con-
nection circuit is determined by the contributor with the
smaller value, we may neglect the contribution of resistance.
Thus:

1
Lbiofilter = A (6)
JOChiofiter

Mathematical Formulation for Correlation
of Sensor Reading and Moisture Content
The following equations and their derivation are given:

z ref

reading =1+
‘Zbioﬁlter

! (7)
JOCyer 1 +|Cbioﬁlter

1 | Cref
JOChiofitter

=1+
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8btoﬁlter
Cbtoflter —_bgbioﬁlter (®)
. | biofilter | bgbioﬁlt@r
reading =1+ =1+ =1+ ‘Cebioﬁlter ©)]
| rej | Cref
where
C,r = capacitance of reference capacitor (1 nF in this

study, constant)

Chiofiier = capacitance of biofilter media

€ = dielectric constant (absolute, not relative)

A = area of plate overlap (constant)

b = A/d (constant)

¢ = b/Cy,r(constant)

d = distance between plates (constant).

According to the previous literature (Heimovaara et al.,
1994):

8(1

(10)
where €, is the dielectric constant of the medium, i repre-
sents each component (air, organic material, inorganic mate-
rial, and water), v is the volume fraction of each component,
and constant « is close to 0.5.

0.5 _a05 0.5
Sbioﬁlter = EgolutionVsolution T € woodchips Vwoodchips (1 1)
_ 2
£':bioﬁlter = €golutionVsolution
.5 0.
+ €olution€woodch ips YwoodchipsVsolution (1 2)
+ swoodchips Vwoodchips
_ 2
Sbioﬁlter = CVsolution + &Vsolution T h (13)
where e, g, and /4 are constants.
M
Because MC = —water. (14)
M total
M solution M water
Psolution Pwater :
Vsolution = = =iMCpyorar (15)
M total M total
Protal Protal

where P is the density of the biofilter media, which is a
linear function of MC when the MC ranges from 35% to
65% (Simpson, 1993).

Protar =kMC (16)
reading =1 +|C5bioﬁlter
) (17)
=1+ ‘Cevsolution + C&Vsolution T Ch‘
reading=1+ ce(ikMC2 )2 + cg(ikMC2 )+ ch
(18)

=IMC* + mMC? +n+8
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where i, k, [, m, and n are constants, and d refers to potential
factors other than the MC of the biofilter media.

The sensor reading can be expressed as a function of MC
(eq. 18). This is the first demonstration of the relationship
between sensor reading and MC. Moisture content can be
determined directly from equation 18 based on the sensor
reading if the effects of nitrogen content are ignored.

STATISTICAL ANALYSIS

With the measured data, a multiple linear regression sta-
tistical method was employed to determine the relationship
among sensor reading, MC, and nitrogen loading. Two ap-
proaches were tested to explore the influence of ammonia-
nitrogen and nitrate-nitrogen on the sensor reading.

The first approach was to identify the respective influ-
ences of ammonia-nitrogen and nitrate-nitrogen. The inde-
pendent variables were ammonia-nitrogen concentration
(ANC), nitrate-nitrogen concentration (NNC), the square of
the moisture content (MC?), and the fourth order of the mois-
ture content (MC*). The dependent variable was the sensor
reading (SR). The second approach was to identify the influ-
ence of total nitrogen concentration as well as the dominant
nitrogen form. The independent variables were the sum of
the ammonia-nitrogen concentration and nitrate-nitrogen
concentration (TNC), the ratio of nitrate-nitrogen to ammo-
nia-nitrogen (RNC), the square of the moisture content

(MC?), and the fourth order of the moisture content (MC*).
The dependent variable was sensor reading (SR). These sta-
tistical approaches can be expressed as:

SR =0ANC + pNNC + gMC? + rMC* + 5 (19)

SR = 0TNC + pRNC + gMC? + rMC* + s (20)

where o, p, g, r, and s are constants. The coefficients of the
fourth-degree polynomial function and the statistical signif-
icance of the coefficients are shown in tables 2 and 3.

For approach 1, the coefficients show that increased ANC
and MC resulted in a significantly higher sensor reading,
while loading with NNC slightly decreased the sensor read-
ing. Based on this model, the predicted and observed sensor
readings are plotted in figure 9a. For sensor readings less
than 13, the predicted sensor reading agreed with the ob-
served sensor reading, which indicated that this fourth-de-
gree polynomial function was accurate and can estimate the
relationship among sensor reading, MC, and the two forms
of nitrogen as well as their concentrations. For approach 2,
the coefficients show that increases in both MC and total ni-
trogen concentration resulted in a significantly higher sensor
reading, but the ratio of different nitrogen forms did not have
any significant impact on the sensor reading. Figure 9b
shows the predicted sensor reading and observed sensor

Table 2. Coefficients of fourth-degree polynomial and statistics significance for approach 1 (multiple R = 0.873).

Parameter Estimate SE t-Value Pr (>t Significance
Intercept 3.398e+00 8.348e-01 4.070 0.000137 HoHk
Ammonia-N conc. 4.737¢+00 7.401e-01 6.400 2.46e-08 Hkx
Nitrate-N conc. -2.758e+00 1.203e+00 -2.293 0.025325 *
MmcC? -2.867¢-03 7.884e-04 -3.636 0.000570 HoHk
MC* 1.196¢-06 1.621e-07 7.380 5.15e-10 ok

Table 3. Coefficients of fourth-degree polynomial and statistics significance for approach 2 (multiple R = 0.837).

Parameter Estimate SE t-Value Pr (>t Significance
Intercept 4.091e+00 9.314e-01 4.393 4.54e-05 Hokk
Total N conc. 1.692e+00 6.476e-01 2.612 0.011307 *
Ratio N conc. -6.431e-02 3.799¢-02 -1.693 0.095551
MC? -3.131e-03 9.044e-04 -3.462 0.000986 Hokk
MC* 1.254¢-06 1.852¢-07 6.771 5.73e-09 ok
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18 18
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Figure 9. Comparison of predicted sensor readings and obtained sensor readings: (a) approach 1, which correlated moisture content, ammonia-
nitrogen concentration, and nitrate-nitrogen concentration; and (b) approach 2, which correlated moisture content, the sum of ammonia-nitrogen
and nitrate-nitrogen concentrations, and the ratio of nitrate-nitrogen to ammonia-nitrogen concentrations.
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reading based on the above regression. Overall, the results
of the statistical regression suggest that all the sensor read-
ings in this investigation were influenced by MC and differ-
ent forms of nitrogen. Approach 1, which correlated sensor
reading with MC, ammonia-nitrogen concentration, and ni-
trate-nitrogen concentration with high multiple R? (R? =
0.873), was the better approach for the calibration of sensor
performance.

CONCLUSION

Particle size distribution of the biofilter media was shown
to directly affect impedance-based moisture sensing. The
concentration of different forms of nitrogen (ammonia-nitro-
gen and nitrate-nitrogen) in the biofilter media was found to
significantly impact the biofilter media impedance. Imped-
ance of the biofilter media was negatively related to in-
creased ammonia-nitrogen concentration but positively re-
lated to increased nitrate-nitrogen concentration. A mathe-
matical model was established to couple the sensor reading
with the moisture content (MC). This is the first time that a
model has been developed to describe the relationships
among these variables. A statistical model showed that MC,
ammonia-nitrogen, and nitrate-nitrogen determined the sen-
sor reading with an acceptable predictive power (R? =
0.873). These results are useful for designing accurate bio-
filter moisture monitoring and control systems to keep bio-
filters in a good working condition.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge research sponsors
USDA-NIFA and the University of Illinois at Urbana-Cham-
paign, Urbana, Illinois. Thanks are also given to Dr. Ted L.
Funk, Mr. Steven E. Ford, and Dr. Haibo Huang for their
contributions.

REFERENCES

Allen, R., Myles, L., & Heuer, M. W. (2011). Ambient ammonia in
terrestrial ecosystems: A comparative study in the Tennessee
Valley, USA. Sci. Total Environ., 409(14), 2768-2772.
https://doi.org/10.1016/j.scitotenv.2011.04.017

Balasubramanian, S., Koloutsou-Vakakis, S., McFarland, D. M., &
Rood, M. J. (2015). Reconsidering emissions of ammonia from
chemical fertilizer usage in midwest USA. J. Geophys. Res.
Atmos., 120(12), 6232-6246.
https://doi.org/10.1002/2015JD023219

Balasubramanian, S., Nelson, A., Koloutsou-Vakakis, S., Lin, J.,
Rood, M. J., Myles, L., & Bernacchi, C. (2017). Evaluation of
denitrification decomposition model for estimating ammonia
fluxes from chemical fertilizer application. Agric. Forest
Meteorol., 237-238, 123-134.
https://doi.org/10.1016/j.agrformet.2017.02.006

Beusen, A. H. W., Bouwman, A. F., Heuberger, P. S. C., Van
Drecht, G., & Van Der Hoek, K. W. (2008). Bottom-up
uncertainty estimates of global ammonia emissions from global
agricultural production systems. Atmos. Environ., 42(24), 6067-
6077. https://doi.org/10.1016/j.atmosenv.2008.03.044

Billaud, G., & Demortier, A. (1975). Dielectric constant of liquid
ammonia from -35° to +50° and its influence on the association
between solvated electrons and cation. J. Phys. Chem., 79(26),

2172

3053-3055. https://doi.org/10.1021/j100593a053

Bouwman, A. F., Boumans, L. J. M., & Batjes, N. H. (2002).
Estimation of global NHj3 volatilization loss from synthetic
fertilizers and animal manure applied to arable lands and
grasslands. Global Biogeochem. Cycles, 16(2), 8-1-8-14.
https://doi.org/10.1029/2000GB001389

Bower, C. E., & Bidwell, J. P. (1978). Ionization of ammonia in
seawater: Effects of temperature, pH, and salinity. J. Fish. Res.
Board of Canada, 35(7), 1012-1016.
https://doi.org/10.1139/f78-165

Chen, L., & Hoff, S. J. (2009). Mitigating odors from agricultural
facilities: A review of literature concerning biofilters. Appl. Eng.
Agric., 25(5), 751-766. https://doi.org/10.13031/2013.28854

Chen, L., Hoff, S., Cai, L., Koziel, J., & Zelle, B. (2009).
Evaluation of wood chip-based biofilters to reduce odor,
hydrogen sulfide, and ammonia from swine barn ventilation air.
J. Air Waste Mgmt. Assoc., 59(5), 520-530.
https://doi.org/10.3155/1047-3289.59.5.520

D’ Amico, M., Fantozzi, F., Dionigi, M., Moschitta, A., & Carbone,
P. (2010). A simple time-domain-reflectometry based
methodology for wood-chip humidity measurements. Proc.
IEEE Workshop on Environmental Energy and Structural
Monitoring Systems (pp. 74-79). Piscataway, NJ: IEEE.
https://doi.org/10.1109/EESMS.2010.5634170

Delhomenie, M.-C., & Heitz, M. (2005). Biofiltration of air: A
review. Critical Rev. Biotech., 25(1-2), 53-72.
https://doi.org/10.1080/07388550590935814

Emerson, K., Russo, R. C., Lund, R. E., & Thurston, R. V. (1975).
Aqueous ammonia equilibrium calculations: Effect of pH and
temperature. J. Fish. Res. Board of Canada, 32(12),2379-2383.
https://doi.org/10.1139/£75-274

Erisman, J. W., Bleeker, A., Galloway, J., & Sutton, M. S. (2007).
Reduced nitrogen in ecology and the environment. Environ.
Pollution, 150(1), 140-149.
https://doi.org/10.1016/j.envpol.2007.06.033

Galloway, J. N. (1998). The global nitrogen cycle: changes and
consequences. Environ. Pollution, 102(1), 15-24.
https://doi.org/10.1016/S0269-7491(98)80010-9

Galloway, J. N., Aber, J. D., Erisman, J. W., Seitzinger, S. P.,
Howarth, R. W., Cowling, E. B., & Cosby, B. J. (2003).
Nitrogen cascade. Biosci., 53(4), 341-356.
https://doi.org/10.1641/0006-
3568(2003)053[0341:TNC]2.0.CO;2

Galloway, J. N., Leach, A. M., Bleeker, A., & Erisman, J. W.
(2013). A chronology of human understanding of the nitrogen
cycle. Phil. Trans. Royal Soc. B, 368(1621).
https://doi.org/10.1098/rstb.2013.0120

Heimovaara, T. J., Bouten, W., & Verstraten, J. M. (1994).
Frequency domain analysis of time domain reflectometry
waveforms: 2. A four-component complex dielectric mixing
model for soils. Water Resour. Res., 30(2), 201-209.
https://doi.org/10.1029/93WR02949

Hong, B., Swaney, D. P., & Howarth, R. W. (2013). Estimating net
anthropogenic nitrogen inputs to U.S. watersheds: Comparison
of methodologies. Environ. Sci. Tech., 47(10), 5199-5207.
https://doi.org/10.1021/es303437¢c

Hood, M. C., Shah, S. B., Kolar, P., Li, L. W., & Stikeleather, L.
(2015). Biofiltration of ammonia and GHGs from swine
gestation barn pit exhaust. Trans. ASABE, 58(3), 771-782.
https://doi.org/10.13031/trans.58.10949

Hultnas, M. & Fernandez-Cano, V. (2012). Determination of the
moisture content in wood chips of Scots pine and Norway
spruce using Mantex Desktop Scanner based on dual energy x-
ray absorptiometry. J. Wood Sci., 58(4), 309-314.
https://doi.org/10.1007/s10086-012-1260-z

Jaeschke, W., Dierssen, J. P., Gunther, A., & Schumann, M. (1998).

TRANSACTIONS OF THE ASABE



Phase partitioning of ammonia and ammonium in a multiphase
system studied using a new vertical wet denuder technique.
Atmos. Environ., 32(3), 365-371. https://doi.org/10.1016/S1352-
2310(97)00200-8

Kandala, C. V. K., Nelson, S. O., & Lawrence, K. C. (1996).
Determining moisture content in small wheat samples by dual-
frequency RF impedance sensing. Trans. ASAE, 39(3), 1185-
1188. https://doi.org/10.13031/2013.27610

la Pagans, E., Font, X., & Sanchez, A. (2005). Biofiltration for
ammonia removal from composting exhaust gases. Chem. Eng.
J., 113(2), 105-110. https://doi.org/10.1016/j.cej.2005.03.004

Lileev, A. S., Filimonova, Z. A., & Lyashchenko, A. K. (2003).
Dielectric permittivity and relaxation in aqueous solutions of
alkali metal sulfates and nitrates in the temperature range 288-
313 K. J. Molec. Liquids, 103, 299-308.
https://doi.org/10.1016/S0167-7322(02)00148-4

Maia, G. D., Day V, G. B., Gates, R. S., & Taraba, J. L. (2011a).
Ammonia biofiltration and nitrous oxide generation during the
start-up of gas-phase compost biofilters. Atmos. Environ., 46,
659-664. https://doi.org/10.1016/j.atmosenv.2011.10.019

Maia, G. D., Day V, G. B, Gates, R. S., & Taraba, J. L. (2011b).
Biofilter media characterization using water sorption isotherms.
Trans. ASABE, 54(4), 1445-1451.
https://doi.org/10.13031/2013.39025

Maia, G. D., Day V, G. B., Gates, R. S., Taraba, J. L., & Coyne, M.
S. (2012a). Moisture effects on greenhouse gases generation in
nitrifying gas-phase compost biofilters. Water Res., 46(9), 3023-
3031. https://doi.org/10.1016/j.watres.2012.03.007

Maia, G. D, Sales, G. T., Day V, G. B., Gates, R. S., & Taraba, J.
L. (2012b). Characterizing physical properties of gas-phase
biofilter media. Trans. ASABE, 55(5), 1939-1950.
https://doi.org/10.13031/2013.42356

Melse, R. W., & Hol, J. M. (2017). Biofiltration of exhaust air from
animal houses: Evaluation of removal efficiencies and practical
experiences with biobeds at three field sites. Biosyst. Eng., 159,
59-69. https://doi.org/10.1016/j.biosystemseng.2017.04.007

Nicolai, R. E., Clanton, C. J., Janni, K. A., & Malzer, G. L. (20006).
Ammonia removal during biofiltration as affected by inlet air
temperature and media moisture content. 7rans. ASABE, 49(4),
1125-1138. https://doi.org/10.13031/2013.21730

Pope 111, C. A. (2000). Epidemiology of fine particulate air
pollution and human health: Biologic mechanisms and who’s at
risk? Environ. Health Perspect., 108(S4), 713-723.
https://doi.org/10.2307/3454408

60(6): 2163-2173

Pope 111, C. A., & Dockery, D. W. (2006). Health effects of fine
particulate air pollution: Lines that connect. J. Air Waste Mgmt.
Assoc., 56(6), 709-742.
https://doi.org/10.1080/10473289.2006.10464485

Reyes, P. O., Ergas, S. J., & Djaferis, T. E. (2000). An automatic
moisture control system for biofiltration. Proc. 93rd Annual
Conf. and Exhibition of AWMA. Pittsburgh, PA: Air and Waste
Management Association.

Simpson, W. T. (1993). Specific gravity, moisture content, and
density relationship for wood. Madison, WI: USDA Forest
Service, Forest Products Laboratory.
https://doi.org/10.2737/FPL-GTR-76

Sullivan, D. M., & Miller, R. O. (2001). Compost quality attributes,
measurements, and variability. In Compost utilization in
horticultural cropping systems (pp. 91-120). New York, NY:
Lewis. https://doi.org/10.1201/9781420026221.ch4

Thompson, W. H., Leege, P. B., Millner, P. D., & Watson, M. E.
(2001). Test methods for the examination of composting and
compost. Washington, DC: U.S. Composting Council Research
and Education Foundation.

Yang, L. (2013). Gas-phase biofiltration for livestock building
ammonia emission mitigation. PhD diss. Urbana-Champaign:
Department of Agricultural and Biological Engineering,
University of Illinois.

Yang, L., Wang, X., Funk, T. L., & Gates, R. S. (2011). Biofilter
media characterization and airflow resistance test. Trans.
ASABE, 54(3), 1127-1136. https://doi.org/10.13031/2013.37104

Yang, L., Wang, X., Funk, T. L., Gates, R. S., & Zhang, Y. (2012).
Transport and fate of nitrogen-containing compounds in gas-
phase biofilters: A swing test to mitigate ammonia. Trans.
ASABE, 55(5), 1951-1958. https://doi.org/10.13031/2013.42357

Yang, L., Wang, X., Funk, T. L., Gates, R. S., & Zhang, Y. (2013a).
Impedance-based moisture sensor design and test for gas-phase
biofilter applications. Trans. ASABE, 56(4), 1613-1621.
https://doi.org/http://dx.doi.org/10.13031/trans.56.10141

Yang, L., Wang, X., Funk, T. L., Shi, S., Gates, R. S., & Zhang, Y.
(2013b). Moisture monitoring and control in gas-phase biofilters
to achieve high ammonia removal efficiency and low nitrous
oxide generation. Trans. ASABE, 56(5), 1895-1903.
https://doi.org/10.13031/trans.56.9843

Zelinka, S. L., Glass, S. V., & Stone, D. S. (2008). A percolation
model for electrical conduction in wood with implications for
wood-water relations. Wood Fiber Sci., 40(4), 544-552.

2173




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


