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A B S T R A C T

A packed bed reactor was evaluated for hydrogen sulfide (H2S) removal by sulfur-oxidizing bacteria
attached as a biofilm on salak fruit seeds (SFS). The bacteria were isolated from the sludge of the
wastewater of a biogas plant. The promising isolate from the previous work was used in a biofilter, and its
capacity to remove H2S was evaluated at effects of time of operation, effects of biogas flow rate, effects of
axial distance, and packing material. Obtained results showed that isolate attached to SFS in an 80 cm
height and 8 cm inside diameter biofilter column could decrease H2S in biogas from 142.48 ppm to
4.06 ppm (97.15% removal efficiency) for a biogas flow rate of 8550 g m�3 h�1 corresponding to a
residence time of 4 h.
Simple kinetic models of sulfide removal and bacterial growth was proposed to describe the operation

of the biofilter. The radial H2S concentration gradient in the flowing gas is to be neglected so is the H2S
concentration in the biofilm at certain axial distance. Meanwhile, the rate of H2S degradation was
approximated by Monod type equation.
The obtained simultaneous ordinary differential equations solved by Runge-Kutta method. Comparing

the calculated results and the experimental data, it can be concluded that model proposed can
sufficiently describe the performance of the H2S removal. The suitable values of the parameters are as
follows: mmax = 0.0000007 (s�1), KS= 0.0000039 (g cm�3), kG= 0.0086 (cm s�1), HS= 0.9 ((g cm�3)/
(g cm�3)), and Yx/s = 10.
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1. Introduction

Biogas is the product of the anaerobic digestion process of
biological materials, in which organic matter such as animal
wastes, household wastes, crop residues, sewage sludge, waste-
water, and landfill [1] is degraded by anaerobic bacteria, according
to the following steps: hydrolysis, acidogenesis, acetogenesis and
methane fermentation [2]. Raw biogas consists mainly of methane,
carbon dioxide, and a small amount of various residual compounds
such as water vapor, hydrogen sulfide, ammonia, siloxanes, and
mercaptans [3].The composition of produced biogas is 55–70%
CH4, 30–45CO2, and 0–1.5% H2S [4]. Hydrogen sulfide in biogas is
originated from the degradation of proteins and the sulfur
Abbreviations: SFS, salak fruit seed; SOB, sulfur oxidizing bacteria.
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compounds in the feed [4]. Although the concentration of H2S
in the biogas depends on the feedstock, it is usually varies between
0.1–2% [5]. Hydrogen sulfide is highly toxic, corrosive [6], colorless
and responsible for the foul odor of rotten eggs [7]. Furthermore,
H2S is one of the major problems in biogas utilization as in the
range 50–10,000 ppm, it could cause corrosion in the engines and
pipelines especially when used as fuel for producing electricity [8].

Several physicochemical processes have been used to remove
H2S from industrial waste gas streams which include absorption
[9,10], scrubbing [11], and adsorption [12] processes. Meanwhile,
biofiltration is an alternative process for H2S removal from gas
[7,13].

There are two types of absorption methods. The first one is
absorption by water which needs a lot of water [11], requires high
pressure, works effectively for low gas flow rates only and
produces other types of waste. The second method is absorption
using water containing chemicals [9,10], which produces chemical
wastes as well as needs high cost chemicals [14]. Meanwhile,
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Nomenclature

S Surface area of biofilm (cm2)
aS Surface area of biofilm to bed volume (cm2/cm3)
Cg Sulfide concentration in gas (g/cm3)
Cgi Sulfide concentration in gas film interface (g/cm3)
Csi Sulfide concentration in biofilm interface (g/cm3)
CS Sulfide concentration in biofilm (g/cm3)
HS Henry’s constant
rx Rate of bacterial growth
KS Monod’s constant
Yx/s Mass of microorganisms growth to mass of sulfide

consumed

Greek Symbols
a Saturation constant (g/m3)
d Thickness of biofilm (m)
e Porosity
r Mass of microorganisms pervolume of biofilm (g/m3)
mmax Rate of maximum spesific growth (1/day)
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adsorption methods need high cost adsorbent, high pressure, a
regeneration step and also work effectively for low gas flow rate
only [14]. On the other hand, biofiltration needs low investment
and operating costs, operates at low pressure-drop, does not
produces further waste and works effectively for H2S removal at
low concentration at high flow rate [15]. Despite of some
drawbacks of biofiltration, such as relatively slow and sensitive
to operating conditions and contamination [15], it is still used for
the aforementioned reasons.

Biofiltration is a multi-phase system in which contaminated gas
is dissolved and absorbed in the biofilm, and then degraded by
microorganisms that are immobilized on a packing material
forming a thin layer (biofilm). [15]. The packing material in the
biofilter may be both natural and synthetic and must fulfill the
requirements of high surface area, high permeability, and high
adsorbance. Previous research work used soil, compost, wood
chips, leaves, tree bark, sawdust, sand, and bagasse [15,16]. The
support matrix for the microorganisms or packing material is an
important factor in the design of a biofiltration unit. The packing
material must have a high porosity as well as high water retention
capacity. The nutrient presence and availability are also important
[17]. Organic materials have both the presence of nutrients and
higher water holding capacity than inorganic packing materials.
Most biofilter media commonly applied are peat and compost with
inert bulking agents such as activated carbon, wood chips or beads
[18]. Composts are frequently used as they allow for a denser and
more varied microbial population as well as good water holding
capacity and nutrients retention. However, composts have low
porosity, so the pressure drop in the biofilter will be high. Soils are
prone to short circuiting and clogging [14]. Activated carbon has
better properties concerning surface area, homogeneity and
hardness, thus offering a better performance. While disadvantage
of activated carbon is in higher price compare to other natural
source for the reason that activated carbon need special treatment
in a manufacturing process [19].

Grains are a possible option for a biomedia to be used as
packing, due to its fibrous structure that facilitates water and gas
flow with low pressure-drop [16]. Salak fruit seeds (SFS) are
agricultural waste dificult to be degraded and utilized. Salak fruit
(Salacca zalacca) is angiospermae plant or plant with a closed seed.
These plants are characterized by having a rigid structure on their
wall cell, containing cellulose. Cellulose is a long fiber which
combines with hemicelluloses, pectin and protein to form the cell
wall of the plant. Cellulose has a significant potential to be used as
packing in a biofilter [20]. SFS has a hard texture, dark brown color
and the shape is elliptical with a linear dimension of 1– 2 cm. Salak
fruit seeds are organic material of high porosity with low bulk
density. The utilization of SFS as biomedia in a biofilter to eliminate
H2S gas from biogas is a new option, as no previous research was
done with this kind of packing.

Pure or mixed culture bacteria can be applied to the packing of
the biofilter. A pure culture can be acquired from a culture
collection or prepared by isolating a bacteria from a mixed culture,
obtained from a sludge. The use of a mixed culture to remove H2S
has been shown to be more efficient and stable on the long term
operation compared to the use of species that come from an
isolation process [19]. There are several microorganisms that could
be utilized in sulfur removal. Lee et al. [21], studied the
chemoautotroph bacteria Acidithiobacillus thiooxidans or formerly
Thiobacillus thioxidans. From the same group, Fischer et al. [18]
utilized Acidithiobacillus ferrooxidans also known as Thiobacillus
feroxidans. Edmonds et al. [22] utilized Chromatiaceae (Chlorobio-
ceae) a photoautotroph bacteria.

In this study, the use of biofilm attached on SFS for H2S removal
was explored. The performance was evaluated by observing the
H2S concentration in the gas at various position and time. The
process of removal was quantitatively discribed by kinetics
modelling. The accuracy of the models were tested by comparing
the calculated results and the experimental data. The values of the
parameters involved were obtained by curve fitting.

2. Materials and methods

2.1. Material

Salak fruit seeds (SFS) used as a packing material were
harvested from Sleman, Yogyakarta, Indonesia. The material was
prepared as described in Lestari et al. [23]. The SFS were washed
and then dried in an oven at 55 �C to eliminate all volatile
impurities and the water. Drying operation was carried in 55 �C to
avoid SFS cracking. Dried SFS contains 0.09% sulfur (S), 11.408%
carbon (C) and 0.064% total nitrogen (N). Other results of SFS
analysis are as follows: 19.40% water content, pH of 6.89, and
porosity of 0.55.

The bacteria used in this research is isolate 12 that obtained
from previous research by Lestari et al. [23]. It was isolated from
the sludge of the wastewater of a biogas plant available at a tofu
processing industry in Srandakan, Bantul Yogyakarta, Indonesia.
The obtained isolates were screened for their efficiency in H2S
removal and the most efficient immobilized on the surface of SFS in
a biofilter. Laboratory analysis showed that the promising isolate
(isolate 12) belongs to the Thiobacillus group.

For the growth of the sulfur oxidizing bacteria (SOB), a medium
consisting of 0.4 g/l NH4Cl, 0.2 g L�1 MgCl �6H2O, 0.2 g L�1 KH2PO4,
0.2 g L�1K2HPO4, 0.2 g L�1 yeast extract and 8 g L�1 Na2S2O3�5H2O
was used [21]. Medium and equipment were sterilized in an
autoclave at 121 �C, 1.2 atm for 15 min.

Biogas was collected from Integrated Farming Unit, Agricultural
Research and Development for Education (KP4) Facility, Gadjah
Mada University. The biogas contains 10 ppm up to 200 ppm of H2S.

2.2. Methods

2.2.1. Biofilter experiments
Immobilatization of isolate 12 on SFS is as follows, approxi-

mately 2.5 kg of dried SFS and 3000 mL of SOB medium was mixed
in a flask and sterilized at 121 �C and 1.2 atm for 15 min. The
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sterilized-mixture was then mixed with 300 mL of isolate 12 and
kept at 30 �C at atmospheric pressure for six days to let the biofilm
grow on SFS surface. The SFS covered by biofilm was then used as
packing material in the packed bed reactor. Prior to the continuous
experiments, SOB medium was added to the biofilter to feed the
microorganisms in the beginning of process. The column for the
biofilter reactor was made of acrilic resin which has an inside
diameter of 8.0 cm and a height of 100 cm. The height of SFS
packing was 80 cm.

Biogas was fed continuously to the bottom side of the column
under specified flow rate (Fig. 1). At every 2 h, biogas samples were
taken through the sample ports following the standard procedure
of Indonesia National Standard (SNI) 19.7117.7-2005, in which the
biogas samples from the column were dissolved in a bottle filled
with water containing ZnSO4, NaOH, and (NH4)2SO4.

2.2.2. Model development
In order to get better understanding of the phenomena and to

generalize the results obtained, a kinetics studies supported by
mathematical modelling were conducted. The kinetics models
applied in this study are essentially similar to the ones proposed by
Lestari et al. [24]. In this paper, the main considerations for the
development of the model are described in detail. In this process,
the biofilm is attached to the packing material and the H2S
containing biogas is fed to the column. The H2S in the gas is
converted to a non-hazardous sulfur compound by the bacteria in
the biofilm and stored in the microbial cells. Kinetics models to
quantitatively describe the process are proposed. The models were
developed based on the following assumptions:

1. The gas flow through the bed inside the column at various radial
positions is uniform (plug flow).

2. The H2S concentration in the bulk flow of the gas is uniform.
3. The column is isothermal.

The mechanism of the process is then proposed as follows
(Fig. 1):
a The H2S from the bulk of gas is transfered to the surface of the
biofilm through a gas film. The rate of H2S mass transfer is
similar to the one of absorption. The rate of mass transfer
through the gas film can be approximated by Eq. (1) [25]:

NA ¼ kgðCg � CgiÞ ð1Þ
b The H2S then diffuses into the inner part of the biofilm.
c While diffusing through the biofilm, part of the H2S is
converted by the bacteria in the biofilm. The rate of the sulfur
consumption by bacteria is approximated by Monod’s
Fig. 1. Experimental equipment. 
equation as follows [26]:

rA ¼ mmaxCS

CS þ KS
ð2Þ

4. The product of the H2S conversion is a non-hazardous sulfur
compound stored in the cell of bacteria.

5. By consuming H2S compounds, the bacteria grows. The growth
rate is assumed to be proportional to the amount of the H2S
compounds consumed. Hence, the thickness of the biofilm
increases

The detailed diagram of the H2S mass transfer around the
biofilm is shown in Fig. 2.

The profile of the H2S concentration around the biofilm is as
presented in Fig. 3, considering the following assumptions:

1. Hydrogen sulfide concentration in the biofilter for a given height
is considered to be uniform (Cs) This simplification is based on
the consideration that the diffusion through the biofilm is
relatively fast, since the biofilm thickness (d) is relatively small.

2. The microorganisms concentration in the bio-film at the same
axial position in the bed is also assumed to be uniform.

Combination of mass balance of H2S in the biogas stream in the
bed of thickness Dz (Fig. 4) and application of Eq. (1) gives:

Rate of
Input

� �
� Rate of

Output

� �
� Rate of

Reaction

� �
¼ Rate of

Accumulation

� �
ð3Þ

G:CgjZþDZ � G:CgjZ
DZ

þ kgðCg � CgiÞaS S ¼ Se@Cg

@t
ð4Þ

If limit D z ! 0:

G
@Cg

@z
þ kgðCg � CgiÞasS ¼ �Se@Cg

@t
ð5Þ

For pseudo steady-state process in the gas phase, @Cg=@t = 0, so
Eq. (5) becomes:

0 ¼ G
eS
dCg

dz
þ kgaS

e ðCg � CgiÞ ð6Þ

dCg

dz
¼ �kgaSS

G
ðCg � CgiÞ ð7Þ

The mass balance of H2S in the bio-film at certain z position
(Fig. 4) and the application of Eq. (1) results in:

Rate of
Input

� �
� Rate of

Output

� �
� Rate of

Reaction

� �
¼ Rate of

Accumulation

� �
ð8Þ
Fig. 2. Hydrogen sulfide mass transfer around biofilm.



Fig. 3. Profile of H2S concentration.
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kgaðCg � CgiÞ � 0 � a � d � rA ¼ dCS

dt
ð9Þ

dCS

dt
¼ kg

d
ðCg � CgiÞ � rA ð10Þ

In Eq. (10) Cgi is the concentration of H2S in the gas phase that is
in equilibrium with H2S concentration in the surface of biofilm
(CSi). According to distribution concept [25]:

Cgi ¼ HSCSi ð11Þ
Based on assumption number 1 shown in Fig. 3, the value of CSi

is equal to CS, so Eq. (11) becomes:

Cgi ¼ HSCS ð12Þ
Since the rate of bacterial growth is proportional to the rate of

H2S consumption (Eq. (2)), the rate of the bacterial growth can be
approximated by:

rX ¼ Yx=s � rA ¼ Yx=s
mmaxCS

CS þ KS
ð13Þ

Since the biofilm thickness at a certain time is d, the rate of
increase of the mass of microorganisms is:

dm
dt

¼ rXa d ð14Þ

where Yx/s is the yield coefficient in terms of the ratio of the mass of
microorganisms growth to the mass of H2S consumed. Since the
mass of microorganisms m = r V, where r is mass of micro-
organisms per volume of biofilm and V is the volume of biofilm,
Fig. 4. Schematic diagram of the volume element in the packed bed system.
Eq. (14) becomes:

dðr � a � dÞ
dt

¼ Yx=srA a d ð15Þ

Since the surface area of the biofilm (a) is relatively constant,
Eq. (15) can be simplified as follows:

dd
dt

¼ Yx=s

r
rAd ð16Þ

Thus, the mathematical models representing the H2S removal from
biogas using biofilm on packed bed of SFS are the set of Eqs. (2),(7),
(10), (12) and (16). The proposed models have been tested for the
experimental data obtained by Fischer [18] and give reasonably
results [24]. Accuracy of the models will further be verified with
the data obtained from the experiment.

3. Results and discussion

3.1. Hydrogen sulfide removal in the biofilter

In order to explore the process of H2S removal in the packed
bed, the experimental data correlating the H2S concentration at
various axial positions in the column and times of operation were
shown in Table 1. Since the H2S concentration in the feed at each
run was not constant, to make the comparison easier, the
percentage of H2S recovery at various positions and times of
operation were also shown. The percentage of H2S removal
efficiency was defined as the decrease of H2S concentration
devided by the H2S concentration in the biogas feed.

3.1.1. Effects of time of operation
From Table 1, a set of data was taken and shown in Fig. 5 as an

example of correlation between removal efficiency and hydrogen
sulfide concentration to the distance of SFS bed from the biogas
inlet in a various time of operation.

Data in Fig. 5 show that the H2S removal efficiency increase
with increasing time of operation, for different initial concentra-
tion of H2S in biogas. This is conceivable since the biofilm grows on
SFS surface troughout the column and a larger biofilm mass will
consume more H2S, resulting in the higher H2S removal. This
microbia growth can be visually observed by the increase of the
thickness of biofilm formed on the surface of the SFS. As shown in
Table 1, in the flow rate of 30 L h�1 (8550 g m�3 h�1), H2S removal
efficiency at the outlet of packing system (80 cm from the gas inlet)
was 67%, 76% and 97% following time of operation of 0 h, 2 h and
4 h, respectively. Similar trend was also found for the other gas flow
rates. This is consistent with the data of Wani et al. [27] in the
removal of H2S using biofilters containing compost, hog fuel and
mixture of compost and hog fuel in a packed bed system. In their
studies, at the time of 5 h, removal efficiency reached 10% for the
mixture packed bed, 13% for the compost packed bed, and 15.5% for
hog fuel packed bed, while at 20 h the removal efficiency reached
16.5% for the mixture, 19% for the compost and 18.5% for the hog
fuel. At 30 h, removal efficiency reached 18.5% for the mixture, 20%
for the compost and 19.5% for the hog fuel. This comparison shows
that the experimental data obtained were consistent with the ones
of other researchers.

3.1.2. Effects of biogas flow rate
Table 1 presented the data for biogas flowrate between 30 L h�1

to 84 L h�1 (8550 g m�3 h�1 to 23940 g m�3 h�1). After 4 h of
operation, correlation between the distances of SFS bed from
the biogas inlet at a various biogas flowrate was shown in Fig. 6.

As shown in Fig. 6, the H2S removal efficiency in a different
position from the gas inlet indicates that the lower gas flowrate
results in higher removal efficiency. This fact may be described as



Table 1
Hydrogen sulfide concentration in biogas at various time and flow rate.

Flow rates (L h�1) Flow rate (g m�3 h�1) Time
(h)

Distance to bottom of packing H2S Concentration (ppm) H2S Removal
Efficiency (%)

30 8550 0 0 179.62 0.00
20 163.90 8.75
40 119.67 33.38
60 98.24 45.31
80 59.00 67.15

2 0 163.90 0.00
20 138.22 15.67
40 96.26 41.27
60 39.11 76.14
80 23.44 85.70

4 0 142.48 0.00
20 104.40 26.73
40 49.00 65.61
60 24.15 83.05
80 4.06 97.15

48 13680 0 0 87.85 0.00
20 82.69 5.87
40 75.60 13.94
60 53.01 39.66
80 41.49 52.77

2 0 89.99 0.00
20 73.31 18.54
40 56.96 36.70
60 37.89 57.90
80 15.49 82.79

4 0 89.51 0.00
20 60.98 31.87
40 45.92 48.70
60 22.17 75.23
80 5.06 94.35

66 18810 0 0 10.97 0.00
20 8.90 18.87
40 6.78 38.20
60 4.59 58.16
80 1.71 84.41

2 0 25.03 0.00
20 20.04 19.94
40 13.71 45.23
60 10.05 59.85
80 1.94 92.25

4 0 41.44 0.00
20 39.56 4.54
40 30.53 26.33
60 21.78 47.44
80 2.50 93.97

84 23940 0 0 144.55 0.00
20 130.68 9.60
40 127.84 11.56
60 111.74 22.70
80 100.00 30.82

2 0 149.13 0.00
20 122.30 17.99
40 110.00 26.24
60 86.00 42.33
80 68.70 53.93

4 0 118.17 0.00
20 105.82 10.45
40 85.76 27.43
60 54.27 54.07
80 29.11 75.40
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the following. As the gas flowrate is increased, the contact time
between H2S and microorganism on SFS is shorter, thus only a
smaller part of the H2S could be degraded by the microorganism.
This observation is consistent with the study by Dumont and
Andrès [28] which found that by utilizing peat-UP20 (mixed) as
packing material, H2S removal efficiency could reach 100% at the
flow rates of 6 g m�3 h�1 and will decrease to 80% at the flow rates
of 25.5 g m�3 h�1. However, this is not the case in the position of
80 cm (gas outlet) which shows for three different gas flow rate
(30 L h�1, 48 L h�1, and 66 L h�1) the H2S removal efficiency
achieved almost the same value (about 95%). The phenomena
are conseivable since at 80 cm, the H2S removals are almost
complete, so the defferences are not significant.

3.1.3. Effects of axial distance
From Table 1 and Fig. 6, it was observed that in the same flow

rate and time, H2S removal efficiency will increase with the
increasing distance from the bottom of the column. This happens
as a larger distance from the bottom of the column will provide a
longer contact time between the biogas and the biofilm, making
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the removal of H2S more effective. In this packing column (80 cm
long and 8 cm inside diameter, thus L/D = 10), the highest H2S
removal efficiency achieved was 97.15%.

3.1.4. Packing material
In this research, SFS was used as packing material. In the gas

flow rates of 48 L h�1H2S, at 80 cm column height removal
efficiency could reach 94.35%. Fig. 6 shows that higher H2S
removal efficiency can be achieved by using higher column.
Rattanapan et al. [7] showed that bacteria growing in granular
active carbon granular could eliminate 99% of H2S. Fernández et al.
[29] studied a biotrickling filter packed with open polyurethane
foam (OPUF) using nitrate-reducing and sulfide-oxidizing bacteria
(NR-SOB) as the inoculum and a removal efficiency of 99% was
obtained when working under the following conditions: inlet loads
below 130 g s�1m�3, temperature of 30 �C, pH between 7.4 and
7.5 and trickling liquid velocity (TLV) between 5 and 15. These
results suggest that SFS as packing material in a biofilter system is
comparable to other packing materials.

3.2. Modelling

Simulations applying the mathematical model proposed were
performed using adjustable values of parameters involved until the
results are close to the experimental data obtained. The compari-
son between the calculated results and the experimental data is
also shown in Figs. 7–10, it can be observed that the calculation
results are close to the experimental data. It means that the
mathematical model proposed is adequate to quantitatively
describe H2S removal from biogas using biofilm on packed bed
of SFS.

Those simulations were run using adjustable parameters. It
turns out that the appropriate values of the parameters are
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mmax = 0.0000007 s�1, KS = 0.0000039 g cm�3, kG = 0.0086 cm s�1,
Hs = 0.9, and Yx/s = 10. By comparing the calculated results and
the experimental data, it can be concluded that the mathematical
model proposed can sufficiently describe the performance of the
H2S removal. The kinetics modelling in this study was formulated
based on 2 major asumptions which were pseudo steady-state
process in the gas phase and hydrogen sulfide concentration in the
biofilter for a given height is considered to be uniform (H2S
diffusion in the biofilm is fast). This kinetics modelling is can be
improved by removing the 2 major asumption. We are still working
to explore this possibility. The results would be compared to the
current kinetics modelling results to verify whether or not
significant improvement could be achieved.

From the modelling and experimental data it was found that the
value of rate of maximum spesific growth (mmax) = 0.0000007
s�1 = 0.06048 day�1. Jiang and Tay, found the value of 3.61 day�1

[30], Mora et al., found the value of 0.396 h�1 = 9504 day�1 [31],
while Xu et al., 2013 found the value of 0.672 day�1 [32], Neil et al.,
2006 found the value of 0.96 day�1 [33], and Heijnen and
Kleerebezem found the value of 0.22 h�1 = 5.28 day�1 [34]. This
comparison shows that our value is relatively smaller. However the
removal efficiency seems to be comparable. This suggests that the
biodegradation reaction is not the rate controlling step. There are
other factors controlling the rate of overall process, such as mass
transfer from the biogas to biofilm. Further investigations are
suggested.
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Fig. 8. H2S concentration versus Position at Q = 13680 g m�3 h�1.
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4. Conclusions

The main objective of the research is to observe the perfor-
mance of H2S removal using biofilter attached on salak fruit seeds
(SFS). Selected microorganisms from municipal wastewater plant
was used as inoculums. Laboratory experiments using biofilm on
SFS in a column of 80 cm height and 8 cm inside diameter could
decrease H2S content in biogas from 142.48 ppm to 4.06 ppm
during 4 h of operation at biogas flow rates of 8550 g m�3 h�1. Thus
97.15% of H2S could be removed from the biogas. Mathematical
models developed can quantitatively describe the process removal
of H2S from biogas using a biofilter in a packed bed of salak fruit
seeds. The suitable values of the parameters are as follows:
mmax = 0.0000007 (s�1), KS = 0.0000039 (g cm�3), kG = 0.0086 (cm
s�1), HS= 0.9 ((g cm�3)/(g cm�3)), and Yx/s = 10.
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