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Abstract

This article presents the development of a MATLAB® computer program to simulate the
performance of biotrickling filters. Since these filters behave differently during spraying
and non-spraying cycles, the presented simulation tool is built on top of a mathematical
description of each situation. The resulting variable-structure model is then used as the
basis for simulation experiments. The model presented herein represents the first attempt
to take into account the variable spraying pattern usually found in industrial installations.
Overall, the software is flexible and easy to use, allowing the user to specify the emission
concentration pattern, the gas concentration pattern, as well as the spraying cycles period
for up to two different emission patterns per day. The model is able to predict experimental
data from a biotrickling filter treating isopropanol under intermittent conditions of loading

and spraying. Simulation examples are then provided to study the effect of variable inlet
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Introduction

Emission to the atmosphere, from a wide variety of sources, of volatile organic com-
pounds (VOCs) remains one of the most important causes of air pollution. This has
trigerred significant research efforts to develop more cost-effective and environmentally
friendly solutions for the treatment of air emissions of VOCs. In particular, there has
been an increasing interest in biofiltration, especially since it has been classified as a best
available technique (BAT) by the European Commission (2003). Among the biofiltration
strategies, biotrickling filters (BTFs) constitute one of the most suitable biotechnologies
for the treatment of VOCs. Biotrickling filters consist of a column filled with an inert
packing material where the biomass attaches to the media and develops a biofilm. In this
configuration, the gas and liquid phases circulate through the column in co- or counter-
current mode. Thus, the pollutant and the oxygen are transferred from the gas phase to the
trickling liquid, and then to the biofilm, where the biodegradation takes place.

Biotrickling filtration has been applied successfully to the treatment of VOCs at the
laboratory, pilot, and industrial scales. However, to further improve the performance of

BTFs for the treatment of VOCs it has become necessary to understand the intricacies of
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the processes involved as well as their rate-limiting steps (Popat and Deshusses, 2010). In
this regard, biotrickling filtration involves a complex set of physico-chemical and biolog-
ical mechanisms and, hence, mathematical models, in conjunction with computer-aided
simulation, appear as fundamental tools to go deeper into the understanding of the in-
volved governing processes.

Industrial processes that use solvents are characterized by fluctuating VOC emissions
arising from the specific application and the unit operations dynamics of each particular
industry (Rene et al., 2013). These results in emission levels whose time variations are
related to random fluctuations of the gas velocity and the inlet concentration profile. In
addition, short-time shut-off periods associated with nights, weekends and holiday clo-
sures further contribute to create a variable pattern of VOC emissions at the industrial
scale. This variability may sometimes hinder the performance of field-scale BTFs (Sem-
pere et al., 2010). Also, operating BTFs under cyclic and discontinuous operation has
traditionally produced some problems, as reported in Webster et al. (1999).

Intermittent water trickling, in contrast to continuous trickling, is also common prac-
tice in the operation of industrial BTFs. As shown in Sempere et al. (2008), intermittent
trickling may improve the removal efficiency and better control the pressure drop. The
final performance of the BTF is quite dependent on the rate of liquid trickling (Zhu et al.,

1998). An intermittent spraying regime implies that the mobile liquid phase is not al-
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ways present during the filter operation, making it necessary to distinguish two different
situations, corresponding to spraying and non-spraying periods. Nevertheless, the mod-
elling and simulation research presented in the literature so far tends to focus only on one
particular case.

Several efforts have been made to model biofiltration processes. One of the most used
models for the treatment of organic pollutants in waste gases in a gas—liquid biofilter has
been developed by Ottengraf and Van Den Oever (1983) in steady state conditions. Since
then, there has been increasing interest in the application of dynamic models of biofilters
and BTFs rather than of steady state models. Shareefdeen and Baltzis (1994) published one
of the first attempts to describe the dynamic behaviour of biofilters, including the oxygen
limitation in the biofilm and the adsorption phenomena. Deshusses et al. (1995) proposed
a model for the determination of transient and steady-state conditions degrading MEK and
MIK emissions in biofilters. Zarook et al. (1997) developed a transient biofiltration model
that incorporates oxygen limitation effects, general mixing and adsorption phenomena,
as well as general biodegradation reaction kinetics. Thereafter, many researchers intro-
duced variations of these models by adding new considerations. Métris et al. (2001) used
a simplication of the Zarook et al. (1997) model using CO, production to evaluate the
response of the biofilters to starvation and shock loads in the biofiltration of toluene and

xylene. Alvarez Hornos et al. (2009) developed a dynamic model with a Haldane-type
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kinetic expression that considers oxygen limitation, (cross) inhibition effects due to high
concentration of substrates, and a general axial gradient equation for the biomass density.
Many BTF models derive from biofilter models. Okkerse et al. (1999) presented a de-
tailed dynamic model that includes the growth of methylene chloride degraders and inert
biomass as well as the effect of pH and dissolved oxygen. Kim and Deshusses (2003)
presented a three-phase dynamic model to describe the biotrickling filtration of hydrogen
sulfide with a gas and liquid flowing counter-currently. They assumed that the biofilm was
not completely wetted by the liquid phase and thus, in some parts of the biofilm, the pollu-
tant was transferred directly from the gas phase to the biofilm. In their review of biofilters
and biotrickling modelling, Devinny and Ramesh (2005) pointed out that no single model
has become generally accepted. The complexity behind the operation of BTFs has made
many researchers consider specific situations in their simulation studies (Lee and Heber,
2010; Mannucci et al., 2012).

The increase in the number of factors taken into consideration in the mathematical
models has necessitated greater efforts for their mathematical solution. In the case of
models of biotrickling filters, the presence of the liquid phase implies an increase of the
level of complexity and for counter current operation, which is usual found in the industry,
the system of equations obtained can be relatively stiff and model instabilities could make

their solution difficult (Deshusses and Shareefdeen, 2005). Even so, it has been recognized
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that realistic models adapted to the emissions of the industry are needed.

The aim of this paper is to present a more flexible tool to simulate the performance
of BTFs. Based on the operational conditions commonly found in industry, the proposed
model allows specifying variable inlet concentration patterns and gas velocities combined
with different spraying patterns. These and other features provide the necessary flexibility

to reproduce typical industrial use cases.

Model development

Industrial BTFs operate with intermittent water trickling. This means that the mobile
liquid phase is only present at some times during the day, referred to here as the spraying
periods. For the rest of the time, referred to as the non-spraying periods, the liquid phase
remains as a stagnant phase. Figure 1 illustrates this concept. The modelling step has to
take into account the principal mechanisms of the biofiltration process in each situation.
In this configuration, the pollutant/oxygen is transferred from the gas phase to the liquid
phase and then to the biofilm as is represented in Figure 2. The model has been developed
following the general mass balances of gas phase, liquid phase and biofilm by taking into

account the most important phenomena compiled by Devinny and Ramesh (2005).

[Figure 1 about here.]

[Figure 2 about here.]
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For the model derivation, the following general assumptions have been made based on
consolidated models reported (Kim and Deshusses, 2003; Mpanias and Baltzis, 1998) and

adapted to this model.

(1) The gas phase flows in a plug flow regime along the filter bed.

(2) Axial dispersion is neglected.

(3) The adsorption of pollutant in the packing material is negligible.

(4) The active biofilm is formed on the external surface of the packing material and no
reaction occurs in the pores. The biofilm covers the surface of the packing material
and its thickness (&) is much smaller than the size of the solid particles, so a planar
geometry has been assumed.

(5) The packing material is completely covered by the biofilm.

(6) The diffusion of the biofilm is described by Fick’s law.

(7) 1deal conditions of nutrients and pH are assumed.

(8) The system works under cycling conditions of spraying/non-spraying periods.

(9) The status reached at the end of one period determines the initial conditions for the

next period.

(10) The biodegradation kinetics is described by a Monod expression, which takes into

account the oxygen limitation.
(11) The mass flux at the gas-liquid interface can be expressed by mass transfer coeffi-

7
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cients.

(12) The mass flux at the liquid-biofilm interface can be expressed by mass transfer co-
efficients.

(13) There is no reaction in the liquid phase.

(14) The gas-liquid interface is in equilibrium according to Henry’s law.

Based on the assumptions above, the mass balances for the different phases can be

written as follows:

Spray mode

Mass balance in the gas phase.

d d
GG gfp = —Vvg gjp — oy Krap (—CI:?: _CLP> (1)
8CG0 8CG0 Cg
= — — o K, 2o _ 2
e o ve— - — %iKiao Ho CL, (2)

where, for the pollutant and oxygen, respectively, Cg, and Cg,, are the concentration in the
gas phase, Krap and Kpap are the overall mass transfer coefficients, ¢ is the correction
factor of the overall mass transfer coefficients, Hp and Hy are the dimensionless Henry’s
law constants expressed as concentration of the gas phase/ concentration of the liquid
phase, Cr, and Cp, are the concentration of the liquid phase. ¢ denotes the time, z is the

distance from the bottom of the column and v is the superficial air velocity given by

e
VG = 7p;2
4

3)
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where Qg is the volumetric gas flow rate and D is the column diameter.

0¢ is the porosity of the bioreactor and is given by
06=1—(1—-06,,)—6.—06p 4)

where 0, is the void fraction of the packing material, 6 is the fraction occupied by the

liquid film and 63 is the fraction occupied by the biofilm.

The boundary conditions of Equations 1 and 2 are

in

CGP: Gp atz=0
(5)
C, =Cg, atz=0

where Cian and CZ’O are the inlet concentrations in the gas phase of the pollutant and the

oxygen, respectively.

Mass balance in the liquid phase.

aCr, aCr, Ce Dy, A
— K =Gp _ _ Zwp _
oL o Lo +aKrap Ho Crp B (Cr, —Sp)) (6)
8CL0 8CL0 CG DW A
- Krao [ =G0 —¢;, | — 2o - 7
or, 5% — Lo, + a1 Krap Ho Cr, B (Cry —So,) (7)

where, for the pollutant and oxygen, respectively, Sp, and Sp, are the concentration in the
biofilm interface, f is the thickness of the liquid-biofilm interface, D,,, and D,,, are the
diffusion coefficient in water, A is the specific surface area, x is the axial position along
the biofilm, and vy is the superficial liquid velocity given by

9
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where Qy is the volumetric liquid flow rate.

The boundary conditions of Equations 6 and 7 are

JaCr,  Or
—:—(CL - —CL _'7 ) atZ:Z
o1 AN P(z=2)
)
JaC, Or
T V_T<CL0<z:0> ~Cloy) Az2=Z

The boundary conditions given by Equation 9 correspond to the mass balances in the
recirculation tank, where V7 is the water volume in the recirculation tank. It is assumed that
the liquid inlet concentration in the column is equal to the concentration in the recirculation
tank, and that the recirculated water depends on the liquid concentration at the bottom of

the column.

Mass balance in the biofilm.

% -D 82SP . .umaXXv Sp SO (10)
ot Pe= 952 Yp Sp+KpSo+Ko

@ -D aZSO . .umava Sp SO (11)
ot 0592 Yo Sp+KpSo+Ko

where Sp and Sp are the concentration in the biofilm. The boundary conditions are given

10
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ISP oy atxes (12)
ot

dSo

7—0 atx-5

where X, is the concentration of the biomass, Umax is the specific growth rate of the
biomass and, for the pollutant and oxygen, respectively, K, and Kg,, are the half-saturation
constants, Yp and Yy are the yield coefficients and Dp, and Do, are the effective diffusion
coefficients inside the biofilm corrected with a factor (f(X,)) calculated according to Fan’s

equation (Fan et al., 1990):

B 0.43(X,1073)092
f%) = (1 a 11.19+0.27(Xv10—3)0~99) (13)

Non-spray mode

Analogously, the mass balances during non-spraying periods are

Mass balance in the gas phase.

dC oC C

OG aff’ = —vG ajp — ooy Krap (Hi: _CLP) (14)
ICq, ICq, Ce,

e or T V6, oo Krao Ho Cr, (15)

11
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with the boundary conditions

_in _
CGP — GP at = 0
(16)
_in _
CGO == GO at = 0
where o is a switch model parameter (100 indicates that no mass transfer resistance is

assumed between gas and liquid phase and 1 indicates that there are mass transfer resis-

tance).

Mass balance in the liquid phase.

daCr, Co D, A
0, —=L = oK, 2 _C ——(Cr,—S 17
L=, 0 LaP(HP Lp) B (Cr,—Sp)) (17)
dCp. Cg D, A
0 9 — oK, -0 _Cp, )| — =22 (C, S 18
L=, L0 LGO(HO LO) 3 (Cr, —So,) (18)
Mass balance in the biofilm.
0 02 X,
Sp _ DPB SzP . Hmax Xy Sp SO (19)
ot ox Yo Sp+KpSo+Kop
dS 9°S X, S S
0 _ DOB 20 . Hmax Xy P 0 (20)
dt ox Yo Sp+KpSo+Ko
with the boundary conditions
dS
2P0 atx=6 21)
dt
dS
a—l‘o = 0 at x = 6

12
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Numerical solution

The partial differential equations (1), (2), (6), (7), (10), (11) (spray mode), and (14),
(15), (17), (18), (19), and (20) (non-spray mode) constitute two second order nonlin-
ear distributed systems. In order to solve them, the method of lines (MOL) (Schiesser,
1991, 1994; Schiesser and Griffiths, 2009) has been chosen. Although the finite difference
method (FDM) has previously been used in the literature to simulate biofilter and biotrick-
ling filters (Ikemoto et al., 2006; Alvarez Hornos et al., 2009) in different ways, the MOL
has some advantages that make it more suitable here. Apart from its simplicity, it allows
taking advantage of the available ODE solvers. Note, in addition, that the overall MOL
process can be regarded as an FDM procedure where the discretization in 7 is independent
of that in x, z, which provides extra flexibility. Since the resulting systems have been found
to be stiff, as is normally the case when applying the MOL (Schiesser, 1994), the ODE23t
solver from the MATLAB® has been selected for solving the corresponding equations.
The ODE23t is based on an implicit integration method and it is quite concerned with the
stability issue. Other ODE solvers were tested, but the reported ODE gave the best results

in practice. The MOL method is applied here following the steps:

e Generate a uniform grid in the space dimensions, i.e. (x;,z;);j, wWhere it is going
to find an approximate solution. Z, the height of the column (the z axis), is divided

into N sections. Similarly, the biofilm thickness 0 is divided into M sections with

13
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M + 1 points. Values of N = 20,M = 40 are used for the spatial discretization in

each mode.

e For each node in the grid, substitute the partial derivatives in the model equations

with finite difference approximations.

e Solve the resulting system of ordinary differential equations (ODE) using standard

numerical methods; note that the time variable ¢ was left continuous in the first step.

Developed software tool

The main objective of this paper is to introduce a tool for the simulation of biotrickling
filters using the mathematical models and numerical procedures described in the previous
sections. This section describes the basic features implemented in the presented tool,
focusing on its usability. The software has been developed in MATLAB®. It can be used
with the basic MATLAB® package and it is available as a MATLAB package as well as
a compiled standalone application. The graphical user interface (GUI) has been created
using the GUIDE-MATLAB® toolbox. A screenshot of the GUI is shown in Figure 3.
In the present example, the option two emissions pattern (per day) allows specifying two
different patterns of inlet concentration, gas velocity, and spraying, over a period of 86,400
seconds (i.e., one day). When this option is marked, the user indicates the duration of the

first pattern (< 86,400 seconds). The duration of the second pattern is then calculated

14



s automatically (86,400 seconds — time pattern 1). The resulting global daily pattern is the
17 combination of the two specified patterns in series, and the total simulation time in this

s case equals the number of days specified by the user.

199 [Figure 3 about here.]

200 The emission pattern and the spraying pattern are defined by the user by

201 e VOC inlet concentrations. For the inlet VOC concentration (CZ’P) pattern, a drop-
202 down list presents the user with the following options for the input profile:

203 — Constant. The inlet concentration is assumed constant.

204 — Ramp+Constant. A constant concentration is considered as before, but pre-
205 ceded by a ramp pofile until the final value is reached.

206 — Pulse train. The inlet concentration oscillates between two values, describing
207 a pulse train input signal.

208 — Piecewise constant. The inlet concentration consists of a step (or staircase)
200 function, i.e., it is piecewise constant having only finitely many pieces.

210 After making a choice, a dialog window allows introducing the defining parameters
211 for each case. For instance, for the Ramp+Constant profile, Figure 4 shows the
212 resulting dialog.

15



213 [Figure 4 about here.]

214 In contrast with the inlet VOC concentration, the inlet oxygen concentration (CiG’lO)
215 is assumed constant throughout the whole simulation (276 g m ™).

216 e Inlet gas flow pattern. This consists of a step (or staircase) function, i.e., it is piece-
217 wise constant having only finitely many pieces.

218 e Spray settings. The spraying pattern will consist of an ON/OFF signal. As an ex-

219 ample, the scheme of the spraying pattern for the option two emissions pattern (per
220 day) is illustrated in Figure 5.

21 [Figure 5 about here.]

22 The spraying panel includes the following information.

223 — Number of spray cycles (n). Defines how many times to spray during each
224 emission pattern.

225 — Spraying time (7). Duration of spraying, i.e., the duration of the ON part of
226 one spray cycle.

27 Simulation requires the user’s specifying the initial conditions:

[N]

16
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e Initial conditions for the simulation experiment. This includes the VOC concen-

tration in the liquid phase, the VOC concentration in the water tank, and the VOC
concentration inside the biofilm and the oxygen concentration in the liquid concen-

tration and inside the biofilm.

Input related to the BTF configuration, the pollutant and packing material data, and the

model parameters are defined by the user:

e BTF set-up. This part defines the characteristics of the BTF system, such as the

column diameter, column height, and the volume of the water tank. This panel

provides automatically the column volume of the reactors.

Physical properties. The physical properties panel includes the selection of the pol-
lutant and the selection of the packing material. The selection of the pollutant uses
a pop-up menu where it is possible to choose from among some predefined VOCs,
whose information includes the diffusion coefficient in water (Dp, ), the Henry’s law
constant (Hp) at 25°C, and the chemical formula. Alternatively, the user can select
a user defined pollutant by specifying its diffusion coefficient in water, its Henry’s
law constant, and its chemical formula. The selection of the packing material uses
another pop-up menu in which there are some predefined packing materials for each
of which there are provided its specific surface area (A), porosity (6,,,), and specific
coefficients to calculate the overall mass transfer coefficients (K ap, Krap) using

17
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the correlations proposed by San-Valero et al. (2014). Alternatively, it is possible to
define other packing material by specifying its specific surface area, porosity, and

overall mass transfer coefficients.

Hydrodynamic conditions such as liquid flow rate and fraction occupied by the lig-

uid film.

Biofilm properties. In this panel there should be indicated its biomass density (Xv),

the thickness of its biofilm (&), and its fraction occupied by the biofilm (6p).

Kinetics data. In this panel the user indicates the kinetical parameters regarding
to the pollutant degradation (U,.y, Ky and Yp). Regarding the oxygen parameters,
Ko has been predefined from the literature as 0.26 ¢ m— and Y, is calculated by

stoichiometry balance.

Advanced options. This button opens a dialog where other properties related with

the mass transfer can be defined.

After all the input data and parameters have been defined, the simulation is run by pressing
the Start button. When it concludes, the results are presented to the user in a new window,

shown in Figure 6. The main items are described next.

[Figure 6 about here.]
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e A graph showing both the inlet and the outlet VOC concentrations in the gas phase

(details about the information plotted in this graph will be given in Section 5).

e A graph showing the evolution of the VOC concentration in the liquid tank (details

about the information plotted in this graph will be given in Section 5).

e Some relevant averages, over the whole simulation time, are displayed by this panel:

- Inlet/Outlet VOC concentration,

- Inlet load (IL) defined as

g-C

_ G40

IL( m3hl )

"~ VR3600

(22)

where C_‘C’;’ is the average inlet concentration and Qg is the average of the gas

flow rate.

- Removal efficiency (RE):

R

E(%) =

Cin
G

in
CG

where CZ" is the average outlet concentration

- Elimination Capacity (EC):

g-C

EC(2—_
C(m3h1

19

)= RE
100

_ cout
6__7G 100

IL

(23)

(24)
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e Panel with averages for the emission pattern 1 only.
e Panel with averages for the emission pattern 2 only.

e This button allows exporting the simulation results to a Comma-Separated Values

(CSV) file.

e Closes the results window.

Model Calibration and Validation

The model was calibrated and validated by using the experimental data corresponding
to the dynamic response of a biotrickling filter treating isopropanol obtained by San-Valero
et al. (2013). In this data, the BTF was operated under intermittent loading conditions
and intermittent spraying frequency. These ones are typically found in the operation of
industrial BTFs. During these experiments it was observed that the discontinuous regime
of spraying of the bed resulted in outlet emissions of isopropanol during spraying periods.
Based on this observation, the effect of the spraying pattern was evaluated and it was
pointed out that the spraying frequency is a critical parameter to achieve low emissions.
The BTF was operated by using an IL of 32 g—Cm~>h~! and empty bed residence time

(EBRT) of 30 s. The EBRT is defined as:

EBRT(s) = (25)
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These VOC feeding conditions were applied for a total time of 57600 s (16 h) from
6:00 to 22:00h. The rest of the day, the biotrickling filter remained without VOC supply
and without spraying. The parameters used in the modelling of the BTF behaviour are
summarized in Table 1. The experimental parameters were taken from the literature or
experimentally determined. The calibrated parameters were determined to fit the transient
response data of the biotrickling filter. An independent experiment with a spraying pattern
of 15 min every 1.5 h was used in the calibration step. Thus, time durations of 900 and
4500 s for the spraying and non-spraying periods, respectively, were set. In this experi-
ment, it was assumed no mass transfer resistance at the gas-liquid interface (;=100). The
comparison of experimental results and model predictions are shown in Figure 7. Figure
7(a) displays the evolution of the inlet and outlet VOC concentrations while Figure 7(b)

displays the evolution of the concentration of carbon dissolved in the water tank.

[Table 1 about here.]

[Figure 7 about here.]

As it is shown in Figure 7(a), maximum concentrations of the pollutant are reached during
the spraying periods, whereas during the non-spraying periods, nearly complete biodegra-
dation of the pollutant is obtained. In addition, the peaks increase as the system gets filled

with pollutant, reaching a stationary value for an outlet VOC concentration of around 0.2
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g—Cm™ after the third cycle. An EC of 27.2 g—Cm—>h~! is obtained for an IL of 32
g—Cm—>h~! during VOC feeding periods. The model successfully predicts the behaviour
obtained, achieving maximum outlet concentrations during spraying periods at the last cy-
cles of the day. The experimental data fits with the model prediction with a relative error
less 3 % in the EC (EC of the model 28.0 g—Cm>h~!). Also, the model prediction for
the carbon dissolved in the water tank is in good agreement with the measured carbon in
the water tank.

The validation of the model was carried out by using data from two experiments. The
first experiment was carried out with low spraying frequency of 15 min every 3h and mod-
erate IL=32 g—Cm>h~!. The second experiment was carried out with double spraying
frequency (15 min every 1.5h) and double IL (65 g—Cm3h~!). The experimental data
and the model prediction are shown in Figure 8. Figure 8(a) displays the evolution of the
inlet and outlet VOC concentrations for the first experiment while Figure 8(b) displays the

evolution of the inlet and outlet VOC concentrations for the second experiment.
[Figure 8 about here.]

For the experiments carried out with a spraying regime of 15 min every 3 hours and
IL of 32 g—Cm—>h~!, the relative error between experimental and simulated EC is 3.2 %
(experimental EC of 28.8 g—Cm—>h~! and modelled EC of 29.7 g—Cm—3h~!). For the

experiments carried out with a spraying regime of 15 min every 1.5 hours and an IL of 65
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g—Cm—>h~!, the error between the experimental and simulated EC is 4.0% (experimental
EC of 50.3 g—Cm>h~! and modelled EC of 52.3 g—Cm—3h~!). The concentration of
the dissolved carbon in the tank is in agreement with the measured values. As example,
for the serie with a spraying regime of 15 min every 3 hours and IL of 32 g—Cm—>h~!,
the measured dissolved carbon was 357 g—Cm ™3 and the model predicted a value of 365
g—Cm~3, with a relative error of 2.2 %.

So, the model has been proven suitable in describing the complex phenomena observed

in the transient response of the biotrickling filter to variations of the spraying pattern.

Study of the dynamic response of the BTF to variable inlet concentrations and gas

flow rates

Effect in the dynamic response of the BTF to oscillating inlet concentration

The effect in the dynamic response of the BTF to oscillating inlet VOC concentration
is investigated by using a periodic pulse train concentration pattern. The pulse train profile
is used here to study the influence in the performance of high shock loads during regular
changes in the operation. In particular, the selected inlet concentration takes on two alter-
nating values: C¢ = 0.7 g—Cm™? (for 7200 s) and C} = 0.2 g—Cm> (for 3600 s). A
linear transition with a duration of 15 minutes is used to connect the two different values.
A constant EBRT of 60 s is applied. Also, durations of 0.25 and 1 hours are specified
for the spraying and non-spraying periods, respectively, and the pattern is applied for T
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= 59400 s. The simulation results are presented in Figure 9(a) for the gas phase and in
Figure 9(b) for the liquid phase. Figure 9(a) shows that the concentration peaks not only
depend on the spraying cycles but also on the pattern of the inlet concentration. An EC
of 30 g—Cm—h~! is obtained for an IL of 32 g—Cm~3h~!. The evolution of the VOC
in the tank is presented in Figure9(b). To observe the accumulation of dissolved carbon
in the water tank, in this example the concentration of dissolved carbon in the tank was
set to 0 g—Cm~> . In this example, two different phenomena can be observed: absorption
and desorption processes. These processes are markedly dependent on the equilibrium
between the gas and liquid phases. As can be observed, when the inlet concentration in-
creases during the spraying periods, a desorption of pollutant from the liquid phase to the
gas phase is produced, and the opposite occurs when the inlet concentration increases. At

the end of the period, the water contains 200 g—Cm ™~ of dissolved carbon.

[Figure 9 about here.]

Effect in the dynamic response of the BTF to oscillating inlet concentration combined with
spraying times during non-VOC feeding periods

[Figure 10 about here.]

The effect in the dynamic response of the BTF to oscillating inlet concentration com-

bined with spraying times during non-VOC feeding periods is investigated. An oscillating
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emission pattern has been applied for a total of 59400 s per day. The inlet VOC concen-
tration is exactly as the pulse train profile used in the previous example. A period without
VOC feeding has been applied for 27000 s with a Ramp+Constant profile of Cg, = 0.01
g—Cm™3 and a spraying time of 1 hour every 4 h. The results for the gas and liquid
phases, respectively, are shown in Figures 10(a) and 10(b). The combination of differ-
ent input profiles leads to some remarkable observations of the behaviour of the system.
Namely, the presence of dissolved VOCs in the water recirculation tank, combined with
the spraying cycles during the shut-off periods, produces peaks of pollutant even in the
absence of VOC:s in the inlet stream. Also desorption is present during these periods. The
decrease of these peaks during the shut-off periods are related to the transfer of VOCs to

the column, where they get degraded.

Effect in the dynamic response of the BTF to oscillating gas flow rates

The effect of the gas flow rate on the BTF is carried out. A constant concentration of
Cg, = 0.53 g—Cm~3 is selected. The gas flow rate takes on two alternating values: 4.8
1074 m3 s7! and 6.8 107> m? s~! applied each one for periods of 14400 s. Note that
the average value of the EBRT is 60 seconds, as in the previously considered examples.
The simulation results are shown in Figure 11. Figure 11(a) displays the evolution of the
inlet and outlet VOC concentrations in the gas phase, Figure 11(b) displays the evolution

of the concentration of carbon dissolved in the water tank, and Figure 11(b) represents
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the oscillating EBRT pattern. From Figure 11(a), the evolution of the peaks of the outlet
gas concentration are different than those obtained in the previous examples. The gas
velocity is directly related to the mass transfer of the pollutant between the gas and liquid
phases, obtaining a greater mass transfer at large gas velocities, and thus, smaller EBRTsS.
The peaks obtained at the outlet VOC concentration pattern do oscillate according to the
oscillating EBRT pattern. This contrasts with Figure 7(a), where the peaks increase until
reaching the stationary state. These VOC emissions are related to an increase of the IL
generated by an increase in the gas velocity and thus a decrease in the EBRT. As for the
liquid phase, in Figure 11(b) it is possible to observe the influence of the gas velocity and
EBRT on the absorption and desorption processes. In this situation, the increase in the
amount of carbon dissolved in the water tank is combined with the desorption processes,

producing oscillations as in the case of the outlet concentration.

[Figure 11 about here.]

Conclusions

Industrial biotrickling filters (BTFs) usually employ alternating spraying and non-
spraying periods. A software tool to simulate the behaviour of BTFs under this and other
typical conditions found in industrial facilities has been presented. The partial differential

equations of the BTF model have been solved numerically using the method of lines. In
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particular, the software also allows simulating the treatment of volatile organic compound
(VOC) air emissions under variable inlet concentrations and gas velocities. The model was
calibrated and validated by using data from a biotrickling filter treating isopropanol under
intermittent conditions of loading and spraying. The capability of the model to reproduce
the complex phenomena involved in the dynamic response of the treatment of hydrophilic
compounds by biotrickling filters have been proven. Several examples demonstrate that
the pattern of the outlet emissions depends on the pattern of the gas velocity and inlet
concentration, showing the utility of the tool to assist in the design and operation of BTFs.
The software tool presented herein will be a basis for implement new features. For exam-
ple, it would be interesting to allow multi-component mixtures in order to go deeper into

the interaction between pollutants. This and other extensions are left for future research.

Nomenclature

[Table 2 about here.]
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Figure 1: Diagram of a BTF. Liquid recirculation only happens during spraying periods.
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Figure 9: Effect in the dynamic response of the BTF to oscillating inlet concentration

43



I i e e e s 500 L L L L L L L L B T
- 1T T T I B8 - 1 | T | A i
P 0.9 ] ] 1 T I —— End of spraying period 1 P 450 T O T 1 1 1 B I
08 | | | | | | — - _End of non-spraying period 400! | | | | | | | | | | | |
1T T YT T T B I 1T T YT T T B I
€07 | | | | | I 3500 of o ol af o I
%) F \[_q \F | \} \F I I %) 1T T YT T T B I
5 0.6 1 I I O I O | I 53000 af af ol af ] ) I
~ | I I I iy | ~ Y T T R | |
é 051 ; | i i i i é 2500 b ) ) ) ] ] ] ] i
[ I I I I I | I [ 1T Y YT Y Y 1 S I
€ 04 I I I I I I I € 2000 51 ] P-—L——}/ I \‘\ I
§ 0.3 | I u I h I u I u I | § wsol o o D ) T
5 I u I I I | I I 5 1T 1Y T i
8 0.2 i 8 100 1 _\P__r 1 T R A 1 A i
o) I o) — 1 T T T N A I
S 01 i S 50 ’_J 1T AT T R i

_ \ i 1IN Y O O o

00 2 4 6 8 00 2 4 6 8

time(s) x10 * time(s) x10 *

(a) Evolution of the concentration in the gas phase (b) Evolution of the dissolved organic carbon in the
recirculation tank

Figure 10: Effect in the dynamic response of the BTF to oscillating inlet concentration combined with
spraying times during non-VOC feeding periods

44



°
=]
S ===
o8 N
=
g N.W \\\\\\\\\\\
o8
H o €9 <
[ —J
56
g2
U 5%
iEEEE R Ld
HE oww o
| ),
R e
Ee— - === Jl
e =
T o~ 000N o ©
o O O O o o o o o
Amu w D-B) uonesuadsuod JOA

x10 *

time(s)

x10 *

time(s)

(a) Evolution of the concentration in the gas phase (b) Evolution of the dissolved organic carbon in the

recirculation tank

300
200

-
(s) Lyg3

00 |
0

x10 *

(c) Evolution of the EBRT

Figure 11: Effect in the dynamic response of the BTF to oscillating gas flow rates
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Variable Specific Value Units Reference

Experimental parameters

A, 348 m! San-Valero et al. (2013)
D 0.144 m San-Valero et al. (2013)
Dp, 1.13x 1077 m?s~!  Tucker and Nelken (1982)
Do, 2x107° m?s~!  Reid et al. (1987)

Hp 2.8x10°* San-Valero et al. (2014)
Hp 31.4 Sander (2005)

Kiap 5 (11.59 (vG3600)0'85) 5! San-Valero et al. (2014)
Krag 1.15x 1072 s7! San-Valero et al. (2014)
) 41.7 x107° m’ s~! San-Valero et al. (2013)
VR 0.0163 m> San-Valero et al. (2013)
Vr 0.003 m> San-Valero et al. (2013)
Yp 0.48 B oot Lu et al. (2004)

Yo 0.14 ggcm% Stoichiometric balance
Z 1 m San-Valero et al. (2013)
Op 0.18 This work

oL 0.093 This work

Calibration parameters

K, 350 g—Cm3

X, 50 x 10° gm™3

o 0.23 (except for cycle 1 that takes o) = 1)

B 6.4 x107° m

5 60 x 10° m

Hmax 2x 107 5!

Table 1: Model parameters used in the mathematical model
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Nomenclature

SRS RS
2

Q

KE < S eRzEAN

QO N =
@:%1:

specific surface area of the packing material (m~!)
concentration (g m~>)

diffusion coefficient of substrates (m? s~ ')

correction factor of diffusivity in biofilm according to Equation 13
Henry constant of the substrates

half saturation rate constants of substrate (g—C m )

overall mass transfer coefficients of the substrates (s~ ')

number of divisions along the column

number of divisions along the biofilm

flow rate (m? s~ 1)

concentration in the biofilm (g m~3)

time (s)

superficial velocity (m s~ 1)

volume (m?)

coordinate for the depth in the biofilm, perpendicular to the biofilm surface
biomass concentration in the biofilm (g m~3)

yield coefficient (g of dry biomass synthesized per g consumed)
axial coordinate in the reactor

height of the reactor (m)

inlet VOC concentration (g—C m™3)

inlet oxygen concentration (g m~3)

Greek letters

0

Op
e
oL
Opm
l’l‘max

active biofilm thickness (m)

fraction occupied by the biofilm

porosity of the bioreactor

fraction occupied by the liquid film

void fraction of the packing material

maximum specific growth rate of the substratum (s~ !)

Subscripts

ST NI W™ Q

gas

liquid

biofilm

pollutant

oxygen

reactor

tank

water AR




