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A dynamic model that describes the bebavior of high-per-
Sformance bydrogen sulfide (HS)-degrading biotrickling fil-
ters for odor control was developed. The model attempis to
accurately describe pollutant mass transfer in the biotrick-
ling filter, i.e., external mass transfer resistances, and both
direct gas-biofilm and gas-liquid-biofilm mass transfer were
considered. In order to calibrate the model, an innovative
differential biotrickling filter was constructed in which the
effect of air velocity on the removal of H,S could be studied.
Model outputs were compared with experimental data to
determine the sensitivity of the system to selected parameters.
At low H S concentration, diffusion of HpS within the
biofilm, and biofilm thickness were the major governing fac-
tors among nine considered model parameters. At bigher
H S concentrations and lower air flow rates, external mass
transfer played a very important role. This new finding, con-
firmed experimentally, bas important implications, as it
proves that the performance limit of H,S degrading biotrick-
ling filtersshas not yet been reached.

INTRODUCTION

Odor emissions are a major concern for wastewater
treatment plants and many processing facilities locat-
ed close to residential areas. A number of different
techniques are now available for odor control, and, of
these, biological treatment appears to be one of the
most cost-effective [1, 2]. But, until recently, its use in
urban areas was limited because of a perception that
biotreatment required significantly larger reactor vol-
umes than chemical scrubbers due to the longer gas
contact time needed for effective treatment. After
research and proof of concept in the laboratory, our
research group converted an existing full-scale chemi-
cal scrubber to a biological trickling filter at the
Orange County Sanitation District (OCSD), and
showed that effective treatment of hydrogen sulfide
(H,S) in the converted scrubber was possible, even at
gas contact times as low as 1.6 seconds [3, 4]. Continu-
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ous operation of the biotrickling filter for more than 18
months showed stable performance and robust behav-
ior for H,S treatment, with pollutant removal perform-
ance similar to that achieved using a chemical scrubber.
Removal rates for H,S in the field biotrickling filter was
in excess of 98% for inlet concentrations as high as 30 to
50 ppmy,. This corresponds to volumetric elimination
rates of H,S of 95 to 105 g HpS m™3 h'l.

Such performance is exceptionally high compared
with other biofilters or biotrickling filters removing
low concentration of H,S, even at higher gas contact
times [5-7]. This observation raises the question of
why such high performance was observed when
extrapolation from laboratory experiments predicted
only partial HyS removal [4]. The best available expla-
nation is a combination of high pollutant mass transfer
rate due to a high surface area packing and extremely
high gas linear velocity (1.8 m s or 6,500 m h™1),
and optimum operating conditions (nutrient, pH,
CO,, no air short-circuiting). However, detailed inves-
tigations were warranted to confirm these specula-
tions, and possibly build upon the findings to further
improve H;S treatment and odor control in other
biotrickling filters. The approach considered both
experiments using a small differential biotrickling filter
to study the details of mass transfer and H,S biodegra-
dation kinetics, and detailed mathematical process
modeling. Both the development of the mathematical
model and its experimental verification are presented
and discussed in this paper.

Several mathematical models have been developed
for the removal of volatile organic compounds (VOCs)
in biotrickling filters [8-12], but fewer of these deal
specifically with the treatment of HS$ in biofilters, or in
biotrickling filters [13-18]. This is unfortunate as VOC
biotrickling filtration models do not necessarily apply to
H,S, as treatment of H,S and of other reduced com-
pounds may often be mass transfer limited [15], while
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Figure 1. Schematic of the experimental setup (not drawn to scale).

VOC treatment is often kinetically limited [19]. Also,
H,S-degrading biotrickling filters often have very thin
biofilms, while those for VOCs usually have thick
biofilms, a probable consequence of the difference in
the process biology.

A review of existing biotrickling filter models
shows that, among the three phases present in a
biotrickling filter, the free liquid phase is often neg-
lected because it is assumed to have no mass transfer
resistance [8]. The rationale for such an omission is
often empirical rather than experimentally-proven,
and is based on the fact that the liquid trickling rate is
slow, and, hence, the liquid film is assumed to be
thin. Interestingly, when a two-phase model [8] was
expanded to include trickling liquid, experimental
data and model simulations [9, 10] showed that the
mass transfer resistance of the trickling liquid was sig-
nificant, suggesting that this phase should be taken
into account. Indeed, the studies on VOC control by
Zhu, et al.[10] and Baltzis, et al. [11] show that per-
formance of biotrickling filters can be quite depend-
ent on the rate of liquid trickling.

On the other hand, Barton, et al. [12] found that
their model—though developed for VOC biodegra-
dation in biotrickling filters—was most sensitive to
parameters that affect the biological kinetics, such as
biomass concentration and temperature. More
recently, Li, et al. [13] and Martin, et al. [17] present-
ed and discussed a mathematical model of an H,S-
degrading biotrickling filter that assumed the com-
pound was either transferred directly from the gas,
or to the trickling liquid prior to being transferred to
the biofilm. But, the model did not allow for the two
transfer paths to occur simultaneously. Both papers
discuss the details of the model sensitivity and
application for reactor design. Their findings were
similar to those of Barton, et al. [12]: namely, that
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biokinetic parameters played a major role in their
model and experiments, and that external mass
transfer resistance had little effect.

However, as mentioned above, the extremely high
performance of the biotrickling filter operated at
OCSD suggested that some external mass transfer
effect, neglected until now, required further examina-
tion. In particular, improvements over existing models
should consider: a) the possibility of a gas-film mass
transfer limitation, b) the existence of wetted and non-
wetted biofilms and the resulting differences of pollu-
tant mass transfer rates, and c) the fact that high per-
formance packings for biotrickling filtration have a
very high interfacial area, and that H,S-degrading bac-
teria do not form thick biofilms. A model that includes
such improvements, and its experimental verification,
are presented and discussed in this paper.

MATERIALS AND METHODS

Differential Biotrickling Filter Equipment

A small differential biotrickling filter, filled with a
single cube (4 x 4 x 4 cm) of open pore polyurethane
foam packing (M+W Zander, Germany) was used in
this study. The foam cube placed in the differential
biotrickling filters was taken either from the field reac-
tor operated at OCSD [3, 4], or from a stock lab-scale
biotrickling filter operated in the laboratory with H,S
as the sole pollutant. Hence, the foam cube had an
active biofilm of HyS-oxidizing bacteria. The actual
bed was housed in a larger (10 cm ID) clear PVC pipe
(See Figure 1).

The biotrickling filter system was designed to run
as a batch to ease determination of the biokinetic
parameters, and allowed-operation at extra-high gas
flow rates, so that gas film mass transfer resistance
could be reduced to negligible levels. The H,S-
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Figure 2. Schematic of the model structure with wetted and non-wetted biofilms.

degrading biotrickling filter was operated in a count-
er-current mode, with gas flowing upward and recy-
cled mineral medium flowing downward. The air flow
was circulated from the 85-L Tedlar bag to the differ-
ential biotrickling filter by a 0.2 HP blower (Ametek,
Paoli, PA) up to a maximum linear velocity of 8.5 m s,
which is at least 5-10 times higher than any previous
biotrickling filter application reported by others. The
highest air flow resulted in an empty bed retention
time (EBRT) of 0.005 s in the foam cube.

The recycle liquid, which consisted of reclaimed
water (chlorinated secondary effluent from OCSD),
was uniformly sprayed on top of the ﬁlter bed, using
a peristaltic pump at a rate of 1.9 L h'! and a WL 1/4
BETE spray nozzle (BETE, Greenfield, MA). The pres-
sure required for the spray nozzle was less than 0.7
bar. Prior to all experiments, the pH of the recycle
liquid was adjusted to 1.7-1.8 (i.e., values similar to
the field biotrickling filter) using hydrochloric acid.
During the experiments, the pH of the recycle liquid
never decreased by more than 0.2 pH units.

At the beginning of each experiment, pure H,S
(Matheson, Newark, CA) was injected into the differ-
ential biotrickling f11ter system using a 20-mL syringe.
In most cases, the experiment consisted of monitoring
the H,S decrease over time under selected conditions,
in particular with varying gas flow rate. All decreases
in H,S concentration were attributed to biodegrada-
tion. This is a reasonable assumption as abiotic con-
trols were conducted to verify the integrity of the dif-
ferential biotrickling filter system, and all experiments
were conducted at a pH of 1.7-1.8. At this pH, and for
a gas/liquid volume ratio of 230, 98.9% of the HjS is
in the gas phase.

In parallel to the differential setup, a 20-L H,S-
degrading biotrickling filter packed with 1dent1cal
foam cubes was operated as before [6] in the laborato-
ry to serve as a stock for biologically active foam
cubes to be used in the differential biotrickling filter.
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Selected experiments involved éoam cubes taken
directly from the biotrickling filter operated at
OCSD [3].

Analytical Methods

The concentration of H,S was determined with a
continuous analyzer/data logger (App-Tek Odalog,
distributed by Detection Instruments, Phoenix, AZ).
The H,S gas data logger was placed in the water
knock-out bottle at the outlet of the biotrickling filter.
The liquid recycle flow was measured with an on-line
rotameter (Dwyer, Michigan City, IN), while the air
flow rate was measured using an anemometer
(HHF300A, Omega, Stamford, CT). The pH of the
recycle liquid was determined off-line using an Acc-
umet pH meter (Fisher, Pittsburgh, PA). The amount
of biomass on each foam cube was determined after
each experiment. The foam cube was taken from the
biotrickling filter, thoroughly washed, and squeezed
in two subsequent 100 mL volumes of deionized
water. The two suspensions were pooled and filtered
through a 0.45 pm pore filter. The filter was dried 24
hours at 60° C and the amount of dry biomass deter-
mined by weighing.

MODEL DEVELOPMENT

Model Concept

The model proposed here attempts to make an exact
representation of the processes occurring in the
biotrickling filter. It considers three phases in the reac-
tor: gas, liquid, and biofilm, with gas and liquid flowing
counter-currently (See Figure 2). The pollutant (H,S) is
removed by the process culture immobilized on the
packing of the biotrickling filter. For H,S present in the
gas phase to be degraded, it has to be transferred to the
biofilm. However, the biofilm on the packing material is
not completely wetted by the trickling liquid. Therefore,
some of the pollutant will transfer directly from the gas
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phase to the biofilm without passing through the liquid,
while some will be transferred to the liquid first, and
then to the biofilm. In the biofilm, diffusion and
biodegradation occurs.

Model Assumptions
The model depicted schematically in Figure 2

embodies the following assumptions:

1. The packing material is completely covered by the
biofilm, which has a uniform thickness.

2. The biofilm is not fully wetted by the liquid, so both
wetted and non-wetted biofilm are included. This is
consistent with visual observation of non-wetted
packing during biotrickling filter operation, and with
the application of correlations such as the one
developed by Onda, et al. [20] that indicates a signifi-
cant fraction of the packing is not wetted.

3. Wetted biofilm remains wetted and non-wetted
biofilm remains non-wetted, i.e., dynamic changes
in wetting are not considered.

4. Adsorption of pollutant onto the support is
neglected.

5. For finite differentiation, each subdivision shown
in Figure 2 is ideally mixed.

6. The flow in the axial direction is by plug flow.
There is no radial velocity gradient or axial disper-
sion. This can be justified by the high gas velocity
in the biotrickling filter systems considered, and
that Peclet numbers in biotrickling filters are usually
large (> 10), indicating a near plug-flow behavior.

7. The mass flux at the gas-liquid, gas-biofilm, and
liquid-biofilm interfaces can be expressed by mass
transfer coefficients (ky1, kgz, kp).

8. The mass transfer coetficiénts from gas to liquid
(kgl), and from gas to non-wetted biofilm (kgz),
have the same value.,

9. Consistent with the film theory, gas-liquid,
liquid-biofilm, and gas-biofilm interfaces are at
equilibrium.

10. The diffusion in the biofilm is described by
Fick’s law.

11. The biodegradation kinetics in the biofilm are
described by a Michaelis-Menten relationship,
with HjS the only rate-limiting substrate. The H,S
is used as an energy source, and it is assumed that
the carbon source (CO5) is not rate-limiting. Fur-
ther, the use of Michaelis-Menten kinetics, rather
than Monod kinetics, is justified by the essentially
no-growth situation of the process culture
biotrickling filter. The biokinetic constants are the
same for wetted and non-wetted biofilms.

12. There is no reaction in the liquid phase. This can
be justified since only a negligible amount of bio-
mass is present in the recycle liquid.

13. The effect of pH is neglected. This can be easily
changed, but is a reasonable assumption since all
experiments were conducted at the same pH.
Consequently the acid/base reaction of H,S is
neglected, and sulfur species are lumped as H,S
in the kinetic relationships.

14. For modeling of the experimental setup of Figure
1, the air reservoir (Tedlar bag) is considered to
be ideally mixed.
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Model Equations

The model equations were derived from these
assumptions and the model structure. The main mass
balances in each phase are described by the following
equations, where j refers to the vertical segment along
the height of the biotrickling filter, numbered from the
bottom of the reactor, and i refers to the segment
depth in the biofilm numbered from the interface. See
Figure 2 for a schematic of the concept, and Table 1
and the Nomenclature section for a list of symbols
and parameters.

Gas phase:

L= E(cli-1-¢)- o

4

kA (CoLi1~ Cal 1) = k2 An(C,11] - Cal 1))

Liquid phase:
dC,|j : :
VL%L F(Cli+1]-G[i)+ @
v

kglAw(Cg[j] - Cgil [J]) - kLAw(CL[j] - CLi2 []])

The mass balance for most wetted biofilm seg-
ments is expressed by Equation 3, except for the first
and the last layers, which bear boundary constraints.
The equation for the first biofilm layer near the inter-
face takes the form of Equation 4, while that of the
last layer before the substratum is represented by
Equation 5. In a similar manner, pollutant mass bal-
ances for the non-wetted biofilm segments are
described by Equations 6-8. Note the different bound-
ary at the liquid-biofilm and gas-biofilm interfaces
(Equation 7 vs. Equation 5).

Wetted biofilm phase:
C,li-1j]-
. . w 3
dC,li.jl D . .
2 = 2C 1L jl+ |- ,
dr (FT)2 wb[l ]] R«b[’ J]
C,li+1,j]

€Y

]‘ wa[l’j]

dC,[1,/] _ D (Clil-2C,[L ]+
at  (FT)'(C,[2/]

®

dcwb[N9j] — D (Cwb[N_l’j]—

dt  (FTV|C,[N.j] J_R”’[N’j]
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Table 1. Summary of main parameter values for model simulations.

Symbol | Parameter Numerical Value Method for
Determination/Reference

lj,l Gas-liquid mass transfer coefficient 1,215* (m hh Onda correlation [20]

kp Liquid-biofilm mass transfer coefficient | 109* (m h™1) Onda correlation [20]

FT Biofilm thickness 23 uym Calculation based on
biomass and packing area

Rm Maximum reaction rate 58,400 (g m™3 h™1) Experimental fitting of H,S
decrease at high
concentration (see text)

K Michaelis-Menten constant 0.0279 (g m™> Experimental fitting of H,S
decrease at low
concentration (see text)

H Henry’s constant of H,S 0.387 (= Perry’s Handbook [21]

D H,S diffusion coefficient 5.796e-6 (m? h1) Perry's Handbook [21]

a Specific interfacial area 600 m? m™3 Packing manufacturer [22]

\%3 Dynamic holdup 0.00001 x liquid flow Experimental determination

(m3 b1 + 0.0000008 with clean foam
P (m3 per cube of foam)**

nb Number of segments in biofilm 10 Determined by study of
sensitivity to nb

nvs Number of vertical segments in the 10 Determined by study of

biotrickling filter sensitivity to nvs

* Listed are the mass transfer coefficients at gas flow rate of 9,400 m3 m™2 h'l anda trickling rate of 11.8 m3 m2
h-1, but the model considers changes of kg, and k; with the air and liquid flow, respectively.

** Valid for one foam cube only, not for extrapolation.

Non-wetted biofilm segments:

anwb [l, .I] - D anb[i - l’J] - (6)
et (FT)\2C,,[i. ]+ C,pi+1,/]

—Rnwb[i"j]

cli @

anwb[l’j] D —M - 2anb[1’j]+ .
dt = (FT)2 H - Rnwb [1’./]

anb [2’ -]]
®
dC,,[N.jl D (CulN-1j]- _
= 2 . - Rnwb [N’ J]
dt (FT) anb [ N’ J ]

Reaction rates:
For wetted biofiim:

Rmax Cwb [l’ -]] (9)

R‘Vb[l’j] - Ks + Cwb[i’j]
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E

For non-wetted biofilm

Rnwb [i’j] = Rr“aXCHWb[l,J]

Ks + anb [l’ -]]

10

RESULTS AND DISCUSSION

Determination of Model Parameters

Model parameters fall in the following categories:
physico-chemical properties, and systems specific
(dimensions), biokinetic, and mass transfer parame-
ters. Those belonging to the last two categories are
the most difficult to obtain. When possible, independ-
ent experiments were conducted or correlations were
used to obtain a given parameter to minimize the
degree of data fitting. Table 1 lists the values of the
main parameters, and how they were obtained. Com-
ments on selected parameters are found below.

Ideally, gas and liquid film mass transfer coeffi-
cients, and wetted/non-wetted area would have been
determined experimentally for the packing and condi-
tions of the biotrickling filtration experiments, howev-
er this is not a trivial exercise. Therefore, Onda, Sher-
wood, and Shulman correlations, which are common-
ly used in chemical scrubbers, were evaluated [20, 23,
24]. Onda’s correlations appear to have the widest
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applicability for different packing materials and condi-
tions [25], and were selected for the determination of
mass transfer coefficients and wetted area in the pres-
ent biotrickling filter model. Others [11, 26] have used
Onda correlation in biotrickling filters, but the appli-
cability of this correlation to the open pore PU foam
packing remains to be verified. Onda’s correlations for
liquid and gas film mass transfer coefficients are given
in Equations 11 and 12, whereas the wetted fraction is
calculated using Equation 13. It is important to realize
that the wetting ratio changes as the liquid trickling
rate is changed, thereby changing the path of pollu-
tant mass transfer.

an
L 23 -05 . -1/3
k, = 0.0051(——J (L) (aD,)” ( P )
Au, p.D g,
0.7 173
kg — 5'23 _G— “l’g (aDp)‘zaDg (12)
aply ) \ P.D,
cv
Wetting ratio = -AA—W = (13)

1- exp{—l 45(0, /0)""(Re)™ (Fr)'O‘OS(We)O'Z}

Another area that requires further evaluation is the
degree of packing coverage with biofilm. As listed in
Table 1, gravimetric determination of biofilm volume,
divided by the packing interfacial area resulted in a
relatively thin biofilm (23 pym). This appears not to be
uncommon for H»S degrading biotrickling filters [16],
but certainly requires further independent verification.

Biokinetic parameters were determined experimen-
tally in the differential biotrickling filter using a com-
bination of model fitting and simple algebraic calcula-
tions. For example, experimental data for HpS
removal at the highest gas flow rate were used to
determine the maximum degradation rate, since one
could, in a first approximation, assume that little or no
gas film mass transport limitation occurred under
these conditions. This is shown in Figure 3, where a
quasi-linear decrease of H,S concentration is reported
in the first 30 minutes of the experiment. Hence, the
first part of the experiment was used to determine
(See highest observed rate in Figure 3 inset).

After the first 30 minutes, the decrease in H5S con-
centration was no longer constant and the apparent
removal rate decreased. Thus, an effort was made to
use the latter part of the experiment to determine K by
simply taking the concentration in equilibrium with the
gaseous concentration at which half the maximum rate
was observed. This proved to be incorrect, as the
biotrickling filter model showed that the process was
diffusion limited at low concentrations, i.e., it predicted
only little penetration of H,S in the biofilm. Hence, K
was determined by fitting the model to one experiment,
instead of using simple plots of observed removal rate.

Rm
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Figure 3. H,S concentration in the differential biotrickling
filter as a function of time for one of the experiments at a
linear gas velocity of 9,400 m h™1. Because of the large
number of data points, data are shown as a line.
For conversion 0.1 g m™3 H3S corresponds to 73 ppmy,.

Comparison of Experimental Data and Model
Simulations

Comparison of model simulations and experimental
data is shown in Figure 4. The model fitted the experi-
ment well at high H,S concentration, but when used to
predict another experiment conducted at a lower con-
centration, it overestimated the H5S concentration. Since
this was difficult to explain, nine model parameters
were considered for detailed sensitivity analysis of H,S
removal at low concentrations. These were: gas and lig-
uid flow rates, wetting ratio of packing material, biofilm
thickness, maximum reaction rate (R, half-saturation
reaction rate constant (K), mass transfer coefficient for
gas and liquid, and diffusion coefficient. Interestingly,
except for the diffusion coefficient, the selected model
parameters had only limited effect on the simulated per-
formance of the biotrickling filter at low concentrations.
This suggests that the process, as described by the
model, was limited by diffusion of H5S in the biofilm.
Indeed, examination of H,S concentration profiles in
the biofilm (not shown) revealed that H,S did not fully
penetrate the biofilm at low concentration.

The sensitivity of the model to H,S diffusivity is
illustrated in Figure 4, which shgws results for the low
concentration case with a 69% higher value for the
diffusion coefficient. A much better fit of the experi-
mental data was obtained. At this time, without
detailed information on actual H>S biofilm concentra-
tions, it is difficult to explain why the model would
underestimate H,S removal at low concentrations.
Our experience with other biofiltration models is that
they often overestimate performance at low concen-
tration, and investigators often compensate for such a
discrepancy by increasing the half saturation rate con-
stant. The observations reported in Figure 4 could
indicate that there is either a limitation at higher con-
centration that was not taken into account, or that one
Or more parameters has been incorrectly determined.

Sensitivity Analysis

A sensitivity analysis of-key model parameters was
performed to find out the dependency of system per-
formance on model parameters. The effect of four
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Figure 5. Effect of mass transfer coefficient for liquid
(k) on elimination capacity (EC) and wetting ratio at
high gas linear velocity (9,400 m hD. kp was
changed by varying the liquid trickling rate (Fp).

model parameters was investigated by running the
model to simulate typical experiments, such as the
one shown in Figure 3. From the model output of
H,S concentration vs. time, the maximum slope,
observed at the beginning of the simulated experi-
ment, determines the maximum elimination capacity
(ECp %) The initial concentration of HS for the
model sensitivity studies was 0.16 g m3, which corre-
sponds to 116 ppmy,. The effect of the following
parameters was investigated: liquid film mass transfer
coefficient ky , diffusivity of H,S, and the biokinetic
parameters R, and K. All the other model parame-
ter values were kept constant as listed in Table 1. The
results are presented in Figures 5-8.

The sensitivity of the modeled H;S elimination
capacity to the liquid film mass transfer coefficient ky
is reported in Figure 5. The results show that, under
the conditions studied, the maximum achievable elim-
ination capacity is not affected by the trickling rate.
This is in spite of the fact that, while changing ky, the
calculated wetting ratio of the biofilm increases from
0.15 to 0.56, which shifts the pollutant mass transfer
path from gas-biofilm at low trickling rates, to gas-lig-
uid-biofilm at high trickling rates. The absence of the
effect of trickling rate was experimentally observed
under selected conditions (data not shown) and sug-
gests that, under the conditions of Figure 5, the liquid
offers only a very low mass transfer resistance com-
pared to other possible rate limiting processes.
Indeed, the model indicates that, under these condi-
tions, the system is limited both by diffusion in the
biofilm, and by the biological degradation kinetics.

As mentioned earlier, the model appears to be very
sensitive to the diffusion coefficient of H,S in the
biofilm, so this sensitivity was investigated further.
The results are reported in Figure 6a for a fixed HyS
initial concentration and variable air velocity, and in
Figure 6b for a fixed air velocity and variable initial
H,S concentration. Examination of Figure 6a reveals
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that, at low air velocity, the process performance is
not sensitive to the H,S diffusion coefficient in the
biofilm. This is because, under such conditions, the
main bottleneck is the external mass transfer resist-
ance. At higher linear velocities, as the external mass
transfer resistance becomes less important compared
to other rate limiting processes, a greater sensitivity to
D is observed. This is a direct consequence of the
very thin biofilm (23 pm) in the system and the high
specific biodegradation rate of H,S. Under these con-
ditions, the present model reduces to a traditional
biofilter diffusion-reaction model in which the
observed HyS removal rate solely depends on the
concentration gradient at the biofilm interface [27].
This is further illustrated in Figure 6b, where one sees
that the higher the H,S concentration, the higher the
sensitivity to its diffusion. This is linked to the
increase of H,S concentration gradient at the inter-
face, and the faster biodegradation kinetics, as H,S
concentration is increased.

The sensitivity of the biotrickling filter model to
H,S maximum biodegradation rate Ry, and half-sat-
uration constant Ks is reported in Figures 7 and 8,
respectively. The results illustrate that ECp ¢ is a
clear function of the specific maximum biodegrada-
tion rate and concentration, as is expected for a sys-
tem limited by both the biological kinetics and by
diffusion. It is interesting to see that the model is
somewhat sensitive to Kg (~20% variation, see Fig-
ure 8). This—as well as other direct dependency on
biokinetic parameters—was not expected because
of the high concentration considered for the simula-
tion. The reason for such sensitivity is clearly linked
to the fact that the process was, in part, diffusion
limited, which resulted in the depletion of H,S
within the biofilm, in turn creating first order micro-
kinetics (i.e., dependent on'KS) in the deep portions
of the biofilm.
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Figure 6. Effect of diffusion coefficient (D) on simulated HS maximum elimination capac1ty (EC). (a) fixed initial
HjS concentration (116 ppm,,) and effect of gas velocity; (b) fixed air velocity (9,400 m h” 1y and effect of initial

H,S concentration.

Effect of Air Velocity on H,S Elimination Capacity

A primary motivation for the study was to explain
why such high H,S removal rates were obtained in
the biotrickling filter at OCSD [3], when extrapolation
from laboratory biotrickling filtration tests or other
biotrickling filters predicted a much lower perform-
ance. A series of experiments of the type reported in
Figure 3 was conducted in which the air flow rate
through the biotrickling filter was varied so that the
external mass transfer characteristics would be
changed. The maximum elimination capacity of HS
was determined in each experiment, and the data
were reported as a function of the air velocity in
Figure 9. To account for the variability of biomass
density in the foam cubes used for the experiments,
the results were normalized by the amount of
biomass. This reduced scattering of the data, but hid
the fact that extremely high performance (EC of 200-
260 g m -3 h1) was obtained. The data confirm that
the elimination capacities values predicted by the
model in Figures 5-8 were not unreasonable.

Besides the very high performance, the results
show a behavior that has not been commonly
observed. They show an increase in the elimination
capacity of H)S as the air velocity is increased, prov-
ing that some degree of external mass transfer limita-
tion was occurring in the biotrickling filter. This does
not contradict the claim of diffusion and reaction limi-
tations discussed earlier because the velocities tested
experimentally were much lower than the one used
for computing Figures 5-8. At the moment, the model
only qualitatively predicts the increasing trend in HyS
elimination capacity with increasing air velocity (not
shown). Still, further adjustments in the mass transfer
correlation, and possibly the value of key parameters,
such as diffusion coefficient, may help to improve the
accuracy of the model over a wide range of air veloci-
ties and H»S concentrations.

It is difficult to generalize from the results obtained
with one packing, for one set of experimental condi-
tions, to the wide variety of H,S-degrading reactors and

126 July 2003

400
350 - «//‘C:
,/"f'/ /:;/u
300 4§ ,///"/ ,.r:r/)
—_ oA o
g
& 250 e
£ A
B 500 | A
'S K —h
o150 7 —
Q & - —— Fg=15m3/h(2375m/h)
100 1 . e Fg=2m3/h(1250m/h)
« —o— Fg=1m3/h(625m/h)
50 —a— Fg=0.2m3/h(125m/h)
0 , , —
0 50000 100000 150000 200000 250000
Rmax(gim’h)

Figure 7. Effect of maximum reaction rate (R,) on
elimination capacity (EC) at various linear gas veloci-
ties (initial H,S concentration: 116 ppm,,). Note that
unit of Ry, is g of HpS degraded per unit volume
biofilm per hour. P

operating conditions that exist. The foam packing used
in the present study has smaller pores than most
biotrickling filter packing, meaning that the air is closer
to the packing surface. Further, the foam packing has
better connections through the pores, suggesting that
the air may flow in less tortuous paths, perhaps reduc-
ing the turbulence that moves the contaminant to the
surface. Thus, it is possible that the air-phase resistance
noted is also partly a result of the particular packing
used. On the other hand, the mathematical model pre-
sented uses very general mass transfer correlations not
specific to the packing, and yet, still qualitatively pre-
dicts the increasing performance trend. Thus, it is rea-
sonable to believe that external mass transfer limitations
may exist in other HyS-degrading biotrickling filters.
This finding has wide inmplications, since most H,S-
degrading biofilters or biotrickling filters operate at gas
contact times of 15-45 s, in beds that are usually

Environmental Progress (Vol.22, No.2)




©w

oW

o
,

»n [X]

o0 (=]

o o
N .

-
o
o

ECmax(g/m’h)
g 8
/ /

f

E

0.05 0.10
Ky(gim")

o
o
o

—e— Cint=0.2759/m3({200ppm)
—a— Cint=0.2089/m3(150ppm)
—4— Cint=0.13739/m3(100ppm)
—x— Cint=0.0888g/M3(50ppm)
—e— Cint=0.0137g/m3(10ppm)
—o— Cint=0.0006868g/m3(0.5ppm)

350 - (b)

2504 e

= Te——
g 200

v o D 70-8(m2/h)

'j 150 - —a—Dates (m2/h)

w —u— Dw50.7 (M2/h)

100

0.00 0.05 0.10
K, (gim’}

Figure 8. Effect of Michaelis-Menten Constant (K.) on H»S elimination capacity at (a) varying H,S initial concen-
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concentration (116 ppm,).

h™1) but fixed initial H,S

1-1.5 m deep. This corresponds to air velocities of 80 to
360 m h‘l, i.e., velocities that are markedly lower than
those reported in Figure 9. The present findings suggest
that those bioreactors may be heavily limited by exter-
nal mass transfer, and, therefore, that the full capabilities
of H,S degrading biotrickling filters have not yet been
exploited.

NOMENCLATURE

A interfacial area (m2)

A w  non-wetted area (m?)

Ay, wetted area (m?2)

a specific interfacial area (m? m3)

ap cross sectional area of bed (m?)

Cg H,S gas concentration (g m™3)

Cgﬂ H,S gaseous concentration at gas-liquid
interface (g m3)

Cgiz H,S gaseous concentration at gas-liquid

interface (g m3)
Cy H,S concentration dissolved in liquid (g m3)

CLiz  HjS concentration in liquid at liquid-biofilm
interface (g m)

Chwb H2S concentration in non-wetted biofilm
@m)

Cwb  Hj3S concentration in wetted biofilm (g m3)

D diffusivity of H,$ in liquid (m? h™})

Dg diffusivity in gas (m2hh

D nominal size of packing (m)

Eg elimination capacity (g m3 hh

EC elimination capacity normalized per
volumetric biomass content (g gdw_l h'l)

F volumetric flow rate of gas (m3 h'DH

Fi volumetric flow rate of liquid m3hY

Fr Froude number, aL?/ g/ pLZ

FT biofilm thickness (m)

G

superficial mass velocity of gas,
Fpo/ap, (kg m2 h1)
g"g "L 2
8¢ gravitational constant (m h™%)
H Henry’s Constant (-)
i, j index for finite elements in the dynamic
model
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Figure 9. Experimental data for the normalized EC
(g H,S per g dry biomass per h) as a function of air
linear velocity. All other parameters were kept con-
stant. Initial concentrations of H)S were between 50
and 120 ppm,,. The biomass content in each foam
cube varied, but was on average about 0.7 kg 4y, m3

kgl mass transfer coefficient from gas to liquid
(m h'D)

kgz mass transfer coefficient from gas to
non-wetted biofilm (m h™1)

ky mass transfer coefficient in liquid (m hh

Ky Michaelis-Menten Constant (g m3)

L superficial mass velocity of liquid, Fyp1/ap
(kg m2h'D

N number of layer subdivision

nb number of biofilm layers

nvs number of vertical segments along the

biotrickling filter height
Re Reynolds number, L/a/uy
Rm maximum reaction rate (g m2 hl)

Rhwh reaction rate in non-wetted biofilm (g m3hD
Ryh  reaction rate in wetted biofilm (g m3 hl
A% volume of gas phase (m3)

VL volume of liquid phase (m3)
We Weber number, L%/p/6/a
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