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Abstract: A dynamic model is developed that describes
the degradation of volatile acidifying pollutants in bi-
otrickling filters (BTFs) for waste gas purification. Dy-
namic modelling enables the engineer to predict the
clogging rate of a filter bed and the time it takes the BTF
to adapt to changes in its inlet concentration. The most
important mechanisms that govern the behaviour of the
BTF are incorporated in the model. The time scale of the
accumulation of biomass in a filter is investigated, and
an approach is presented that can be used to estimate
how long a BTF can be operated before its packing has to
be cleaned. A three-month experiment was carried out to
validate the model, using dichloromethane (DCM) as a
model acidifying pollutant. Valuable experimental data
about biomass accumulation and liquid hold-up in the
reactor were obtained with an experimental set-up that
allows the continuous registration of the weight of the
BTF. The results show that in BTFs eliminating DCM from
a waste gas, clogging is not to be expected up to con-
centrations of several g/m®. Model calculations based on
the measurements also suggest that the maximum car-
bon load that can safely be applied per unit void packing
volume should not exceed 0.5-1.6 C mol/(m? - h), de-
pending on the density of the biofilm formed. The model
is a good predictor of the elimination of the pollutant in
the system, the axial gas and liquid concentration pro-
files, the axial biomass distribution, and the response of
the system upon a stepwise increase in the DCM inlet
concentration. The influence of the buffer concentrations
in the liquid phase upon the performance of the BTF is
investigated. © 1999 John Wiley & Sons, Inc. Biotechnol Bio-
eng 63: 418-430, 1999.
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INTRODUCTION

Biotrickling filters (BTFs) can successfully be applied to
remove volatile pollutants from waste gases. The waste g
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is forced through a packed column that is continuously wet-
ted by a recycled water phase. Micro-organisms are present
in a biofilm that develops on the packing material after
inoculation with a suitable bacterial suspension. The target
compound and oxygen are transferred from the gas phase
into the biofilm, where microbiological degradation occurs.
The temperature, pH, ionic strength, and nutrient level of
the recycled water can be maintained at a desired setting.
Therefore, BTFs are especially suitable for the treatment of
waste gases that contain acidifying compounds. These are
compounds that stoichiometrically liberate strong acids
when they are biologically oxidised, e.g., chlorinated hy-
drocarbons, organo-sulphur compounds, hydrogen sulphide,
and ammonia (Diks, 1992). A further beneficial feature of
BTFs is that their inert packing material can be cleaned by
regular backwashing, or by removing and cleaning packing
elements in moving bed type of reactors. This makes the
treatment of fairly concentrated waste gases possible that
otherwise would lead to clogging of the reactor within a
short time (Alonso et al., 1997; Weber, 1995). Several
steady-state models have been proposed to describe the
elimination of volatile pollutants under different gas- and
liquid-loading rates, and some analytical solutions are avail-
able (Diks and Ottengraf, 1991; Hekmat and Vortmeyer,
1994). These models are suitable for quick design purposes
and provide insight into the dominating BTF phenomena in
the steady state.

In industry, a filter usually experiences fluctuating inlet
concentrations. Moreover, excessive biomass accumulation,
an intrinsically time-dependent process, is observed at
higher volatile organic compound (VOC) inlet concentra-
tions. These phenomena cannot be described by steady-state

6@odels, and for optimisation purposes dynamic models

have to be applied. In the last half decade, several dynamic
biofilter models have been proposed. They describe the in-
fluence of a change in the inlet concentration on the removal

CCC 0006-3592/99/040418-13



efficiency of the biofilter. Biomass growth is usually not gives the biofilm development in time. A scheme of the
considered and a constant biofilm thickness is assumed (Deeactions taken into account is given in Fig. 1, and the
shusses, 1995; Shareefdeen and Baltzis, 1995; Zarook et edgcompanying model are given by Egs. (1)—(15).

1997). The volumetric rate of reaction of DCMpcy,, is de-

A dynamic BTF model has been presented by Alonso escribed by a double Monod equation and a correction term
al. (1997) that includes biomass growth and a variable biot,, that describes the pH dependence of the reaction (Eq.
film thickness along the column. The authors also accounfl)). A single type of viable species is taken into account. Its
for a decreasing mass transfer coefficient in their systenibiomass is subject to decay (Eq. (3)), where a frac¥igg,
due to excessive biofilm formation upon the packing. De-of the biomass is converted into inert solid material (Eq.
activation of biomass was neglected, as the assumption w&4b)), e.g., cell debris, extracellular polymers, etc. The rate
made that all biomass in the column is viable. However, inof biomass mineralisation or rate of decay) (s assumed to
systems with an extended retention time, this assumption ise of first order with regard to the active biomass concen-
not valid, since a major part of the cells is inactive (Bryerstration X,., while a Monod type dependency with regard to
and Mason, 1987). Furthermore, only diffusion limitation of the oxygen concentration in the biofilm is assumed (Eq.
the pollutant was taken into account, while it is known that(3)). Oxygen, DCM, inorganic carbon species, and chloride
oxygen can become the rate-limiting substrate at higheare the four diffusing reactants considered in the biofilm
VOC inlet concentrations (Deshusses et al., 1995; Diks(Eq. (9)). The last term on the right-hand side of this equa-
1992; Kirchner et al., 1996; Shareefdeen, 1993). tion accounts for the velocity, , which is the biofilm—water

In the model presented here, a distinction is made beinterface expansion rate in the transversal direction. The
tween active and inactive biomass, which makes it possibleolume fractions of active DCM degrading biomdggand
to describe the long term BTF behaviour. Because the degnertsf;,.; are a function of the position in the biofilm and
radation of acidifying compounds is studied, it is necessaryf time. The change in time of these fractions at various
to consider reaction inhibition by acidification of the liquid positions in the biofilm is described by a mass balance (Eq.
phase. Due to recirculation of the liquid phase no equilib-(12)).
rium exists between gas and liquid phase concentrations as
presumed in the model by Alonso et al. (1997), and a dif- . . . .
ferent approach is taken here. Intrinsic rate equations

The purpose of the present study is to discuss some modebubstrate consumption;cy, =

predictions relevant to the field of biological waste gas 1 Soem S,
treatment and to study in more detail the dynamics of the ~ ~Fpr ™ Pmax® Xact” Yo Soom + K 'S, K
degradation of dichloromethane (DCM), as well as the bio- DEM ThEM T TDEM T2 ?i)
mass accumulation in a BTF. It is furthermore the intention

to estimate a maximum allowable carbon load that can b@H correction factorF ., = exp[~A(pH - B)?] 2)

imposed on a filter.

S,
Biomass decayrg =Ky Xoot' = —
THEORY 2t S, + Ko,

The dynamic BTF model is based upon the calculation ofSPecific production of active DCM degrading biomass:
transversal biofilm concentration profiles and axial gas and

®)

liquid concentration profiles in the column. Substrate deg- Mact= —r>D(ﬂ *Yoem —Xr—d (4a)
radation and progression of the biofilm thickness are mod- act act

elled according to Wanner and Gujer (1986). This type of . My

model has been investigated intensively in biofilm research ~ Of 'nertSMinen:T * Yinert (4b)

for waste water treatment systems, both theoretically and in nert

laboratory set-ups (Horn and Hempel, 1997; Rittmann and
Hanem, 1992; Wik and Breitholtz, 1996). The pseudo
steady state that establishes itself after some time of opera-
tion was studied by Skowlund (1990). Gas-to-biofilm mass
transfer is modelled using the approach of Diks and Otten-
graf (1991). Acid is liberated during the oxidation process
of DCM causing the pH to decrease. To describe the inhibiH2Ch
tory effect of acidification, an electroneutrality or alkalinity
balance has been incorporated in the model to calculate the ~ {1-Yaem)
pH gradient inside the biofilm and along the column.

The combined model describes the concentration profiles
of the substrate and metabolites in the biofilm, as well as theigure 1. The degradation reactions considered in the dynamic math-
axial gas and liquid bulk concentrations. Furthermore, itematical model.

Inert solid material

Biomass
(CH, 40.4)

Vo2, 02
(I'Yinen)
Vcozq4 €O, + H,0

veoz CO, + Vg HCl+ Hy0
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Buffers for calculation of the axial and transversal
pH gradient

Cut Ck* Cna® CLa™ CLnpcd™
+ + = .

Myt Mk Mina Mo M_ hpoZ™ (5a)

CLHopo,  CLhHcog

ML,HZPOZ ML,Hcog

CLn*/My* " CLpc2 /ML pc?™

CL Hpcy’ ML H,Pa;

(5b)

CLu*MLp* CLcog/MLco;
,=

CL,COZ‘aq/ML,COZ‘aq

Py = CLinpo,/Mugpa, * CLinpz/Mppc?- and

(5¢)
Ci = CLinca’Muco; * CLico, of Mco, g
Stoichiometric relationships
o, =Vo, 'bcm ~Vo,,dld (6)
"hel = “Vuer * Toem (7)
'co, = Vco,,dld ™ Veo, pem (8)

Dimensionless unsteady-state reaction/diffusion
equations in the planar biofilm

9§ 1ari+€'ML§ X 9§

wotEa L e o WPy O
with boundary conditiong =1, § =c_;, and{ =0,
dJ
a—? =0 and initial conditions £ 0, L = L,,
Biofilm expansion
Definition of activeinactive fraction:
fact: act/xv 1:inert = Xinert/x with Xact+ Xinert =X
(10)
Average local grOWth I’atQ_L = Mact” fact+ Minert * 1:inert
(11)
Change in local fraction:
e _ (m =T ) 0oy
% = (Ract™ 1) fact_ f 820 (12)
- . ¢
Biofilm rate of expansionu=L - fo W dg, (13)
with boundary conditions &t = 0, f,., = 1.
Macrobalances reactor
dcs pem H - Kogtw
Gas: do - * vy (Ce,pcm = M+ €L pem);
+ cocurrent,- countercurrent (14)

420

dc_ pcwm __ H - Kol
v

Liquid: 4o

(Cs,pcm =M+ € pcm)
H- FDCM,L G
+t————" 0

L

=z/H, (15)
with boundary conditions, pcy (0 = 0) = ¢_peml(o =
1); cocurrento = 1, ¢gpcm = Cgoand countercurrenty
= 0,¢5pem = Cyo

The experiments showed that biofilm loss through shear
is negligible during the time period considered in the pre-
sent study. The velocity, is then given by the integral of
the average growth rate over the entire length of the biofilm
described by Eg. (13) (Wanner and Gujer, 1986).

It is assumed that the pH profile is determined by the
diffusion of counter-ions of protons (e.g., chloride and car-
bonate species). With this assumption, the proton concen-
tration can be calculated via the requirement of local elec-
troneutrality in the biofilm (Eq. (5a)), using the sodium,
potassium, and total phosphate concentrations given (Liou
and Rousseau, 1986; Szwerinski et al., 1986). The local CI
and total carbonate concentration were obtained from the
reaction—diffusion equation (Eqg. (9)). The concentrations of
the phosphate and carbonate ions are obtained by the as-
sumption of local equilibrium of the dissociation reactions
(Eg. (5b)). Other dissociation reactions are not considered
as they are only of minor importance in the pH range con-
sidered. Although it is known that biomass generally pos-
sesses pH buffering properties, this effect does not play an
important part due to the assumed pseudo steady-state con-
centration profiles of substrate and products in the biofilm.

Liquid and gas phase macrobalances were set up for the
substrate DCM (Egs. (14) and (15)). Besides a DCM liquid
phase balance, also a balance for the chloride ions had to be
made to obtain a pH profile over the column height. As a
first approximation, the @and CQ concentration in the
bulk liquid are assumed to be in equilibrium with the con-
centration in the inlet air and exit air respectively. Eqg. (15)
also holds for nonvolatile reactants, e.g.; ,@mitting the
gas/liquid transport term. The DCM elimination capacity
(EC) is calculated from the difference between the inlet and
exit gas phase concentration. The rate of,@&duction in
the filter (Rcoy) is obtained from the carbonate concentra-
tion profiles at the biofilm—water interface (Eq. (9)) by cal-
culating the total flux through the biofilm—water interface
present in the reactor. The static hold@g,,is obtained by
integration of the biofilm thickneds along the height of the
BTF.

MODEL PARAMETERS

Model parameters were either obtained from literature or
experimentally determined in this study. Table | contains
the values of the parameters used in the simulations and
their source.

The mass transfer coefficient of a plastic packing material
increases considerably when it becomes grown by a biofilm
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Table I. Parameter values used in the model simulations.

Mmnasd 2.2x10° (I1s) K, 7.7 %107 (mol/dn)
AP 0.2 &) ! 0.1x10°% (kg/m®)
B° 7.6 &) Koem® 0.9x10°% (kg/m®)
Vhcl 2 =) nf 0.09 =)
Vcoz 0.53 =) %V 0.067 (I/s)
Vco2,d 1.0 =) a, 135 (nf/m3)
Voo 0.46 ) H 2.7 (m)
Vozd 115 =) \4 0.33 (m)
Yoem® 0.47 (mol/mol) v 7.3 (m/h)
Dpen® 0.31 x 10° (m?/s) v 163 (m/h)
Dycos® 0.30 x 10° (m?/s)

D¢ 0.44 x 10° (m?/s)

Dos 0.51 x 10° (m?/s) Initial conditions

Po° 1090 (kg/nf) facto 1 =)

K9 6.2 x10°® (mol/dnP) Lo 8.0 (wm)

aDiks (1992): Table 3-1Il, TF-Enrichment culture.
Derived from Fig. 2.14 (Diks, 1992).

“This study.

9Roels (1983).

°Szwerinski et al. (1986).

fJanssen and Warmoeskerken (1979).

9Corrected for the salt concentration. Mehrbach et al. (1973).

"Wanner and Gujer (1986).
iOkkerse and Ottengraf (1997).

(Okkerse and Ottengraf, 1997; Pedersen and Arvin, 1997).
In the present study, the overall gas—liquid mass transfer
coefficient was determined by the inert tracer experiments

described in the materials and methods section. The specific
area of the packing that is available for growth is assumed
to be equal to the wetted packing areg &he latter was

determined in a previous study by measuring the absorptio
of CO, in caustic soda (Okkerse and Ottengraf, 1997). Dif-|™]
fusion coefficients are set according to the equation giver™

=,

by Fan et al. (1990), using a dry biofilm concentration of 90

D
kg/m® as measured by Diks (1992). #

MATERIALS AND METHODS

Biological Trickling Filter

The experimental set-up is shown in Fig. 2. The same set-up
was used in a previous study (Diks and Ottengraf, 1991).
The column was made of glass fibre enforced plastic (4 m
high, 0.396 m inner diameter) and was equipped with a
liquid distributor, temperature and pH control units, DCM

NaOH

dosing system, and feed and drainage appendages. A fewg 2

modifications were made: an arranged instead of a dumped
packing material was used and the total column was freely
suspended from a load cell (Z6H3, Hottinger Baldwin

pH

Messtechnik, Darmstadt, Germany). The total height of theigure 2. Biotrickling filter set-up. S, liquid/gas sampling port; G, gas

packing was 2.7 m divided into 3 stages with a 10 cmsampling port; 1, gas inlet; 2, DCM addition; 3, purified waste gas outlet;
) 4, level control and tap water supply; 5, drain; 6, nutrient feed; 7, recycle

spaging between_th.e stages. to facilitate sampling a_nd tBump: 8, temperature control; 9, load cell; 10, liquid distributor; 11, static
provide room for liquid redistributors. Each stage consistedjas mixer.
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of three packing elements of 30 cm giving a total height ofwhole column was subsequently dried using ambient air,
2.7 m of packing. A tight fit existed between the packing until the weight of the column stabilised. Following this, all
and the wall of the column. A corrugated sheet 60° PVCpacking elements, of which the individual clean weights
cross-flow cooling packing was used with a specific surfacevere known, were weighed separately.

of 240 nf/m® and a voidage of 97% (c10.12, ME Aachen,

Aachen, Germany). All pipes and hoses were attached in

such a way that they applied a negligible vertical force tovolumetric Mass Transfer Coefficient

the column. This made a stable and continuous registration

possible of the total mass of the column with the load cell.The volumetric mass transfer coefficient of the grown pack-
During standard operation a data point was automaticallyg \as measured using chloroform as an inert tracer com-
sampled every 10 min. The error of the signal was less thaBound. The BTF was operated as an once-through co-
3% with a lower limit of about 50 g. A hold-up curve was ¢ rrent absorption column and fresh tap water was pumped

made by stopping the liquid flow and recording the BTF'S g0, 5 vessel into the BTF. The entering gas stream was
mass during the course of time using a data acquisitio

¢ The artificial ¢ de by dosing I _('}nriched with chloroform, which was transferred to the lig-
system. The artiicial waste gas was made by dosing iquid;, phase in the column. No water was recycled and no

DCM into an amb|en_t air stream. When quaqtltatlye m(.aa_substrate was added to the water beforehand. The volumet-
surements were carried out, an accurate peristaltic syringe .
pump (LC2600, Isco Inc., Lincoln, NE) was used to doser|c mass transfer coefficient was cglculated from the de-
the liquid DCM into the gas stream. Mixing was facilitated crease of the gas phase concentration along the column.
by a 20 dnd static gas mixer placed after the liquid DCM

addition and stable concentrations up to 12 g DCRI/m .
could be maintained. Numerical Methods

The set of partial differential equations (Eq. (9)) obtained
Bacteria and Medium for the reactants and species involved was solved assuming
The BTF was inoculated with a biomass suspensioHyf quasi steady-state concentration profiles in the biofilm. This
phomicrobiumsp. GJ21 cultivated in shake flasks. The nu-means that local substrate concentrations are assumed to
trient stream to the BTF was based on tap water and corshange only at a time scale that is characteristic for the
tained 5.25 kg/(NH,),S0O,, 0.44 kg/ni K,HPQ, - 7H,0,  expansion of the biofilm, which is reflected in Eq. (9) (Wan-
and 1.75 g/m FeSQ. To maintain the NaCl concentration ner and Gujer, 1986; Alonso et al., 1997, Kissel et al.,
at the desired level of 1500, the flow rate to the drain was 1984). The quasi steady-state concentration profiles in the
manually adjusted using a peristaltic pump (603V, Watsorbiofilm were solved using a finite volume method. First, the
and Marlow B.V., Rotterdam, The Netherlands). biofilm concentration profiles were solved using an im-
posed pH profile to correct for the pH effect on the DCM
rate of reaction. Second, a new pH profile was calculated

) ~ from the CT and total carbonate concentration profiles ob-
DCM and CQ gas phase concentrations were determinedained in the first calculation using Eq. (5). This procedure
with a chromatograph (CP9001, Chrompack Nederlandyaq repeated until the pH and concentration profiles
B.V., Bergen op Zoom, The Netherlands) equipped with @ §¢ 5 -heqd convergence. A similar method was used to obtain
ft. x1/8 in. Haye_zsep N, 80100 mesh column. For the DCIv'the values ofy,_at each time step. The liquid and gas phase
and C.:Q analys_|s, a FID and TCD detectc_)r were used, " mass balance equations in the axial direction along the col-
spectively. Helium was used as the carrier gas. The tem-

perature of the column was maintained at 130°C, where umn height were solved. smultgneously using an eXP“C't
the temperature of the injector and detector were set a uler method together with multiple shooting. Calculations

220°C. Chloroform was measured on a chromatograpﬁtaned from the top of the column downwards assuming an
(4300, Carlo Erba Strumentazione, Milan, Italy) equippedestimated value of the liquid phase DCM concentration at
with a 1 m PEGcolumn and FID detector, with nitrogen as the top. With the aid of the transversal concentration gra-
the carrier gas. The temperature of the injector, oven andients at the biofilm—water interface obtained from the bio-
detector were 120, 110, and 120 °C, respectively. The quuici“m calculations, the axial liquid and gas phase concentra-
phase DCM and CQconcentrations were determined by tions were calculated. A Newton method was used to obtain

the head-space method described by Diks et al. (1994). & new estimate for the liquid phase DCM concentration at
the top of the column. After the concentration profiles had

reached convergence, a time step was taken and the new
biofilm compositions and thicknesses along the column
The distribution of the dry biomass over the column waswere calculated based on the average growth rate and bio-
obtained by rinsing the column with tap water for 4 h. Thefilm composition at the previous time step.

Gas and Liquid Phase Analysis

Dry Biomass Distribution
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RESULTS

Monitored Parameters

The BTF was operated in a co-current flow mode and withg
continuous water recycling. It has been claimed that an_
intermittent water supply may enhance BTF’s performance@ G,
for poorly water soluble compounds like ethene by decreasE 15 T
ing the gas-to-biofilm mass transfer resistance (de Heyder e,@_': 10 +
al., 1994; Ockeloen et al., 1992). However, in this study, itic
was found that cutting off the liquid supply resulted in a 571 #
40% decrease of the degree of conversion within six resi- . . X , Y, , ,

T T T I T T T 1

""" "B

Giot

5% [of Gy Cut

dence times of the gas phase (6 min). This is very likely due
to a rapid acidification of the biofilm and its covering liquid 0 10 20 30 40 50 60 70 80
film. Table Il shows the standard conditions during opera- Time (min)

tion.
The DCM elimination capacity (EC) and the overall rate Figure 3. Definition of the total G, static Gy, and dynamicGy,
hold-up from a hold-up curve. A straight line is fitted to the slope of the last

of CO, production in the systemRt.;) were determined part of the hold-up curveG,is defined as that point where the difference
daily from the difference between the inlet and outlet DCM petween the straight line and the hold-up curve is 5% gf,G—Experi-
and CQ concentrations. The maximum elimination capac-mental hold-up curve; (A--B) Straight line fitted through the experimental
ity (EC™®) was determined by increasing the inlet DCM hold-up curve.

concentration@,,) step by step, until a maximum conver-

sion rate was reached. The obtained graph of the EC versus

the Cy, is called a performance curve. Previous studies givé'lc'ld'l'jp Development

more details on the theoretical and experimental baCkf:i ure 4 shows a tvpical examole of the develooment of the
ground of this procedure (Diks and Ottengraf, 1991). g P P P

i ) ) o total hold-upG,,; on the packing shortly before and after a
To characterise and quant|fy the blon_"na_ss z_and liquid hOId'hold-up experiment had been carried out. After the system
up development on the packing, a distinction was mad

_ : Svas restarted, it usually took about 1 day before the mass
between the total, static, and dynamic hold-up. The total..,mylation rate had regained its original value, while the
hold-up Gy, is composed of the liquid film flowing on the ¢ recovered almost instantaneously. Evidently, water
packing and the total mass of the stationary wet biofilm.qains from the biofilm during a hold-up measurement. In

This value was determined from the mass of the columnpe gays that follow, the biofilm re-absorbs water. Together
under normal operating conditions from which the mass ofyjth the steadily decreasing weight observed when a hold-

the empty, dry packed column was subtracted. The statigp curve is measured, this supports the assumption that the
hold-up G, and dynamic hold-ugisy,,, were obtained by

cutting off the water supply to the BTF and measuring its
decrease in mass during drainag®,, is the mass that
remains upon the packing after drainage, &y, is the 22
water that has drained from the packing. The hold-ups areg;
difficult to quantify due to the substantial amount of water =

leaving the biofilm during drainage. Her€,., Gg and 21
Ggyn are defined according to the method illustrated in /‘
. [ J
Fig. 3. =1 g e
= S
<
Table II.  Biotrickling filter conditions during standard operation. E 19 |- '/ Hold-up
DCM inlet concentration 2 (o/f experiment
pH 7.8-8
Temperature 20-22 (°C) 18 } I I f f
NaCl concentration 150 ()
Liquid hold-up in recycle About 15 (dn 35 36 37 38 39 40 41
Reactor volume 332 (din .
Drain About 2.7 (drivh) Time  (days)
Superficial liquid velocity 7.3 (m/h) ) o
Superficial gas velocity 163 (m/h) Figure 4. Characteristic total hold-up development before and after a

hold-up experiment had been carried out.
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biofilm is slightly spongy. A fact that has received much 25

attention in the biofilm literature recently (de Beer et al., No év?””e;S‘BG
1997; Okabe et al., 1997). The value@f,, showed a slight . decay ' ) ujer ( )
increase from about 7 kg after start-up to 10 kg at the end of® 20 + ka=0) « [

~— 1

the experiment. '
Except for the start-up period, the developmentGg,,

; o 15 1
was linear. A pseudo steady-state biofilm performance, re-o
flected in a linear increase in biofilm thickness or mass, @
accompanied with a constant EC is well documented in theg 10 4-
literature and has been investigated theoretically and experi%
mentally (LaMotta, 1976; Skowlund, 1990; Wanner and %

n

This study

Gujer, 1986). A lineaiG,; accumulation for eight months S+
was also observed by Zuber (1995) in a similar biotricking | = 5 --e-e---- Alonso et. al. (1997)
filter system.

0 i ; ! ; f
BTF Performance 0 25 50 75 100 125

The first 3 weeks after inoculation, the BTF was operated Time after start-up  (days)

with a discontinuous nutrient supply. F.reSh nut_rler_1t SOlunonFigure 6. The static hold-ug3,, during the course of time(). Theo-
was added to the reactor and_ a few I|tre_s of liquid recy_CIereticaI curves are obtained using the parameter set given in Table III.
were purged when the sodium chloride concentration

reached 300 M. After 23 days, fresh medium was pumped
into the reactor, the liquid drain was opened, and from tha .

time on the reactor was operated in a continuous mode Ohllodellmg Results

operation. The EC increased rapidly, and within 4 days a ) ] ) )

pseudo steady state established itself, in which its value waG€ information contained in the developmentGj, and

about 1 C mol/(r - h) (Fig. 5). The EC fluctuated around a EC can be used to evaluate the modelling results or to obtain

mean value and increased slightly during course of timenformation about parameter values. Figure 6 shows the

Biomass wash-out was generally low, an observation conStatic hold-upGg, development predicted by the model
sistent with that of Diks et al. (1994). Apparently, the mod- USing parameter sets applied in recent biofilm studies, to-
erate and steady shear forces imposed upon the biofilm bgethe'rwnh the experimental dgta obtained from the hold-_up
the laminar liquid layer result in a stable biofilm. Larger €XPeriments. The corresponding parameter values are given
amounts of biomass were only released in the BTF’s recycld! Table lll. All other parameters used in these simulations
flow during cleaning of piping. Biomass wash-out increased?'® listed in Table 1. As already discussed by Skowlund
over time with peaks of biomass loss probably by the inci-(1990), the assumption of a negligible formation of inerts
dental sloughing of larger pieces of old biomass from thelYinert = 0) does not lead to a proper description of the data
grown packing. _(Alonsp et al., 1997; Rittmann and Manem, 1992), becguse
it predicts that theG,,; eventually becomes constant with

time. Another observation from this figure is that when

mineralisation is neglected (no decay), tBg,accumula-
. L2 tion predicted by the model is considerably higher than the
= ¢ o iy’ one that was measured.
[¢) 1 2 -+ Y Se .‘. .a . . . .
€ ] . SR ] There is a considerable deviation among the parameter
= KR ; - s i
3 1 e wd ")- o e values reported in Table Ill. This is probably due to a large
£ e o7 o’ natural variety in biofilms and the different ways used to
S 08+ , * ’.' obtain the parameters. Higher decay rates are usually re-
ported for cells in biofilm systems than for cells in suspen-
5 0.6 + . sion. This could well be due to a lack of essential nutrients
B in the biofilm. Leenen et al. (1997) have shown that the
E 0.4 R Y decay rate strongly depends on the concentration of ammo-
=02 | $' Switch to continuous nutrient nium and oxygen in the medium.
2 / supply An estimate for the model parameté¢sk,, andY;, .. for
) } | , , the present system was made from the EC reached in the

0 50 100 150 200 250

Time after start-up  (days)

system and th&,,,; accumulation observed. As the DCM
degradation rate is directly proportional to the biomass con-
centration in the biofilmX (Egs. (1) and (10)), this variable

Figure 5. Development of the EC under standard conditions. The hori-Nas the largest influence of all three kinetic parameters.
zontal dotted line indicates the applied DCM load.
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Therefore, in the theoretical mode{,was varied until the
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Table Ill.  Biofilm kinetic parameters and stoichiometric parameters curs, name|y, a situation referred to as a “biological equi_
used in literature. The parameter sets are translated into the specific pyyrjym?” by Diks et al. (1994) R, is about 0.94 times the
rameter types applied in this study. molar EC. Formaldehyde is the growth precursor when

Ky Yinert Xact DCM is used as a substrate. The theoretical yield coefficient

Parameter (10°s™ (- (kg/im’)  for growth on formaldehyde is 0.47, and on the basis of this
Present study 3.2 0.13 75 yield a R.o/EC vqlue of 0.53 |s.expecte_d (Roels, 1983).
Alonso et al. (1997) 5.0 0 17 The CQ, produced in excess of this value is therefore due to
Arcangeli and Arvin (1992) 6.9 0.20 112 mineralisation of biomass by processes like biomass decay.
Horn and Hempel (1997) 5.8 0.60 28748  Since this fraction is relatively high, it is shown that bio-
Rittmann and Manem (1992) 0.58 0 13 mass mineralisation is indeed a relatively important mecha-
Wanner and Gujer (1986) 2.3 0.30 4

nism in the system.

2Autotrophs/inerts.

Axial Distribution of Biomass

simulated EC equalled the experimentally measured ongjgure 8 shows the experimentally measured and theoreti-
The parametersy and Yine Were estimated from the ex- ca|ly calculated axial distribution of the dry biomass. It can

perimentally determined development of g, values in  pe concluded that an asymmetrical biomass distribution is
time (Fig. 6). Their values were within the range of the gptained and that the model predictions agree rather well
values found in the literature. with the experimental data. The higher biomass concentra-
tion in the top section of the column in the experiments can

be explained by the locally enhanced mass transfer due to

Model Verification ocatly ent
the presence of the liquid distributor.

Carbon Balance

: . . Reaction Inhibition by Acid Production
Figure 7 shows the model simulation of the measured over-

all rate of CQ production R-o,) relative to the EC, to- Due to the production of hydrochloric acid during the oxi-
gether with the experimental data. It gives the degree oflation of DCM, the pH decreases downstream of the filter
carbon fixation in the system. After a first sharp increasebed and inside the biofilm. This causes a decrease in the
due to an increase in EC, it took approximately 14 daysntrinsic rate of reaction. The decrease of pH along the
before R.o/EC reached its maximum. According to the height of the column depends upon the EC, the applied
model predictions, a net carbon fixation of about 6% of thebuffer concentrations and the liquid phase residence time. It
EC is responsible for the observed,,,accumulation in the has been shown for nitrifying biofilms that pH gradients
pseudo steady state. This value corresponds with the aveaffect the conversion rate in a biofilm (Szwerinski et al.,
age of the experimental data shown in Fig. 7. 1986). Reaction inhibition in such biofilms may already
The carbon balance shows that the DCM degrading syssccur before the pH in the bulk liquid drops significantly.
tem is close to the point where no net carbon fixation oc- The experimental performance curve determined at the

1.2 0.2 0.25 2
s 1 o 02+
5 01505 £ 115
50 0.8 % > o ’ -'?
B o £ 2 > 2§
S 65 w0157 i g8
S 508 012¢ £s3 - -1 8¢
g 2T B3 g1 5S
T S 0.05¢ < o -05 E§
¢ X §§< e
0 e 0 07 e T am 18
0
0 50 100 150 200 Dimensionless column height  (-)

Time after start-up (days)
Figure 8. Measured and predicted dry weight distribution along the filter
Figure 7. Carbon balance of the BTR-o,and the biomass wash-out are bed. Black bars are measurements; white bars are model predictions. The
given relative to the EC.®) R.o, (X) biomass wash-out; (—) model dotted line is the model prediction for the biomass distribution function.
simulation of theR-o,» The arrow indicates the switch to a continuous The measurement was carried out at the end of a previous run with the
nutrient supply. BTF, in which the same standard conditions were applied.

OKKERSE ET AL.: A DYNAMIC BIOTRICKLING FILTER MODEL 425



standard buffer concentration was simulated using the 1.0
model parameters given in Table |. Experimental and theo-—~

retical results are shown in Fig. 9. The model describes the ™
experimentally found EE® curves fairly well. Therewasa £
marked and reproducible difference between the perfor-."g
mance curve measured with and without a phosphate buffei-

in the liquid, illustrating the inhibition of the reaction by the .S
produced acid. At elevated gas inlet concentrations, the ads
dition of a buffer solution increased the EC instantaneously,+
which coincided with an increase in pH at the base of the §
column from about 5.2 to 6.4. From Fig. 9 it can also be 5
concluded that at lower gas phase concentratiGgs< 2 g ©
DCM/m?) there is no appreciable difference in performance ‘ ‘
between the rich buffer solution and tap water under the 0.0 0.2 0.4 0.6 0.8 1.0
conditions applied. Model simulations showed that this is
the result of the buffering capacity of bicarbonate ions pro-
duced in the.bIO-OXIdatlon. Th,e model S,ImU|at|0ns in Fig. 9Figure 10. Dimensionless biofilm concentration profiles predicted by the
show that without any buffering capacity of the water re- ,oqe| ate = 0.93 (close to the top of the column): (---) DCM; (- -)

cycle, the expected drop in performance is large. oxygen; (—) pH; (— —) viable biomass.

©
™

g
(o2}

e
(Y

Viable biomass fraction (-
o
D

o
o
\

Dimensionless biofilm thickness  (-)

Transversal Biofilm Concentration Profiles from the bio-oxidation of DCM, however, but rather from

N __the mineralisation of biomass. Dark brown/black areas on
Under standard conditions, the DCM rate of conversion ispe grown packing were indeed observed in the column.
limited by the diffusion of DCM, not by oxygen. Figure 10 They are an indication of anaerobic zones in the system. The
shows a typical example of the model predictions for theg|ight decrease in pH in deeper levels of the biofilm is the

transversal concentration profiles and the active biofilmeegyt of the production of COIn the mineralisation pro-
fraction in the biofilm under standard conditions. The DCM (oqq

penetration depth thatdetgrmines the active bipfilm yolume In(;reasing the DCM concentration in the gas phase in-
is much lower than the thickness of the layer in which the eases the DCM penetration depth and therefore the flux of
main part of t_he biomass is viable. Furthermore, it is cleapcm through the biofilm—water interface. The model pre-
that anaerobic zones are present in deeper levels of thg.is that oxygen transfer becomes rate limiting for the
biofilm during standard conditions. They do not originate pcp degradation at inlet concentrations above about 7
g/me.
An important practical consequence follows from the fact
e that viable biomass is present throughout a relatively large
S depth of the biofilm (Fig. 10). From batch degradation ex-
© o periments, it is known that the DCM degradation resumes
% 9 within a short period after the biomass has been starved for
O several days. These two observations indicate that after a
AT stepwise increase in the gas phase concentration, adaptation
L takes place relatively quickly. Viable biomass is still present
L4 in deeper levels of the biofilm and these cells will be reac-
tivated whenever the DCM concentration increases. This is
indeed what is found in practice. Figure 11 shows the ex-
/Q perimental and simulated response of the EC to a stepwise
0« . l 1 . . increase of the gas inlet concentration fronotg DCM/
@ ' ' ' ' ! m°. Within a day, the EC had stabilised at an 88% higher
0 2 4 6 8 10 value, a value that also results from model simulations.

(Cmol/(m*h))
N
N O
o,

-
(8]
f
N

Elimination
o
PN

t }
\ N
|
|
|
i
|
I

Inlet concentration (g/m3)

) . Clogging Time and Maximum Carbon Load
Figure 9. Performance curves measured at two different total phosphate

buffer concentrations, together with the corresponding model simulationsc|ogging of BTFs with excessive biomass is often observed
The influence of the _buffer concentrations is illustrated by the predlctedat higher carbon loads. In our laboratory, clogging of BTFs
performance curve without any buffers prese@t) Gtandard nutrient con- b d id f1i | f iod
centration; (x) tap water. Dotted lines are model simulations: (---) standardV@S ODS€Ervea on a wide rqnge of time sca es_, rom a perio

nutrient concentration; (— —) tap water, containBg= 1.5 mM andP, =  Of several weeks to over six months, depending on the type

0; (= -) no buffers. of system investigated and the carbon load applied. Never-
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(Cmol/i(m°h)
N
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o]
(o]

-0 0 (o] Ke)
4 swiitch from 2 to 6 g/m®,
equivalent to DCM loads of

Elimination

1.4 and 4.2 Cmol/(m

°h).

formly distributed along the column at all. The top section
of a co-currently operated BTF will therefore plug earlier
than its lower sections, nearly twice as fast in this study.
Figure 12 illustrates that maldistribution of the biomass be-
comes more pronounced when the wetted packing area in-
creases at a constant voidage.

Modelling may help to estimate the clogging time of a
filter at various carbon loads. The relevant criterion for
clogging is the pressure drop along the column. At gas flow
rates usually applied in BTFs (100—600 m/h), biological
waste gas treatment systems equipped with a fan can be
operated up to a pressure drop of about 800 Pa/m.

Pressure drop data for the flow of gas through beds of
solids are not readily correlated, however, because of the
variety of packing materials and their arrangement. If the
biomass development on the packing is uniformly distrib-
Figure 11. Measured and simulated response of the EC to a stepwisélted throughout the bed, the rise in pressure drop can be
increase in the DCM inlet concentration from 2 to 6 &m estimated from correlations given in literature, e.g., by Er-

gun or Leva (Perry and Chilton, 1973). These correlations

show that the pressure drop is inversely proportional to the
theless, BTFs eliminating DCM from waste gases could béractional void volume of the packed bed to the power of
operated for over 4 years without any clogging. three. Consequently, a steep rise in the pressure drop in

Clogging is a complex phenomenon determined by sucliifferent packed bed systems for waste gas treatment sys-
diverse factors as the biological and physical characteristiceems is encountered at critical voidaggof 0.2—0.4. Diks
of the compounds involved, e.g., their microbial degrada{1992) observed the beginning of clogging at a critical void-
tion rates and Henry coefficients, the mechanical strengtlage of 0.38 in a previous run of the BTF with the same
and morphology of the formed biofilm—especially its den- arranged packing material as used in this study, with ac-
sity—and the structural characteristics of the packing maetone as a pollutant and a gas flow rate of 200 m/h. Figure
terial. Regarding the biofilm structure, for example, it is 13 shows the characteristic development of the pressure
known that growth on certain substrates, especially arodrop measured for dumped 1 inch saddles. The figure illus-
matic compounds like toluene and styrene, favours the derates that clogging starts rather suddenly after a period of
velopment of fungi. They yield a much lower average den-undisturbed operation. The clogging data can be approxi-
sity of the formed biomass and therefore a higher packing
volume is occupied in a shorter time. The large diversity
between different microbial systems makes it difficult to
generalise results.

The mass accumulation rate in a BTF determines at whan
rate the packing becomes filled up with biomass. In the 0.8
pseudo steady state the accumulation of the static hold-up @
linear (Fig. 6). If a constant wet biofilm density is assumed,
the decrease in void volume in time will be linear, too. For &
a given system, the rate of biomass accumulation is mainlyg
determined by the imposed load. Here, it should be stresse®
that in order to compare loads of different systems, the 04 1
preferred units are carbon moles (C mol) rather than unitqu’ '
based on mass (kg). Due to the low carbon content of sub2
stances like DCM and CStheir molar loads are generally c
low. Toluene, for example, will give a molar carbon load of 2
over six times that of DCM, when an equal mass load is§

0 <

280 285 290 295 300 305
Time after start-up (days)

/ 100 m%m?
/

0.6

—
CRGL R

si

2,3
0.2 10 m“/m

imposed. Besides a low average growth rate, this is another
reason for the relatively slow mass accumulation rate in the
DCM system. Biomass accumulation is fast with methyl-
methacrylate or toluene as pollutants. As a result, biomass
has to be removed frequently from the packing, e.g., by
back-washing or addition of chemicals (Alonso, 1997; Diks
1992; Weber, 1995).
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Figure 13. Characteristic pressure drop development. Data were fitted
using the Leva correlation (Perry and Chilton, 1973) and the assumption ofigure 14. Model simulation of the characteristic clogging timg,q of
a linearly decreasing voidage. At day 220 the voidage reaches the criticdhe BTF at standard conditions as a function of the carbon conversion per
voidage of 0.3. (1 supertorus saddles,, = 0.93, EC= 1.0 C mol/ unit void packing volume: (—) DCM; (- -) toluene. Physical and bio-
(m®- h), inlet concentration DCM= 0.4 g/n?, inlet concentration MMA  logical parameters for toluene have been taken from Alonso et al. (1997).
= 0.05 g/n?, v, = 200 m/h). The critical voidages. was set at 0.3.@) Acetone, cross flow packing,,
= 0.97, Diks (1992); A) toluene, Novalox torus saddles, = 0.71, Diks
(1992); @) DCM/methylmethacrylate, supertorus saddigss= 0.91 (Ok-

. . K 1., 1998):X) thi .
mated very well using a pressure drop correlation from [it-<e"s® et &l 1998):X) this study

erature and the assumption of a linearly decreasing frac-

tional void volume during the course of time. also that the clogging time increases stronger than exponen-

A rpugh estimate of the characteristic tim(_a involved _intially with a decreasing VOC inlet concentration. At the low
clogging processes Ca”,*?e made by calculat!on of the UM cv values usually encountered in odour control, a stable
needed to reach the critical packed bed voidageThis operation is therefore guaranteed.

characteristic time can be estimated from the void packing Evidently, the maximum CCV deduced here is a conser-

volume to-be-filled-up and the measured or simulated rat¢tive estimate. During the course of time, processes that
of mass accumulation in the system reduce the amount of immobilised biomass on the packing
: increase in importance, like for example an enhanced bio-

Telog = P~ Vr * (84~ €c)/Crot (16)  mass wash-out due to sloughing of ageing biomass as ob-

d. served in this study. Periods of starvation and disturbances

in which g, is the voidage of the ungrown packed be , -2 .
Figure 14 shows the simulated dependence of the cloggin[g operating conditions add to these biomass removal pro-
time on the carbon conversion rate for the investigated sysc€SSes. A nutrient limited and dry environment—as found in
tem loaded with DCM, and with toluene. For Comparisonb'Of'I,'[ers_WIII '“Creas‘?,the maximum CC,V that can be
also some experimental clogging data are included in th@pplied, as these conditions increase the blomags decay rate
figure. The figure shows that there is a significant difference-€€NenN €t al., 1997) and might decrease the yield factor.
between the two systems, which is mainly due to the dif-
ference in biofilm density. This can be considered as thgeoNCLUSIONS
characteristic difference between a slow growing biofilm
with a high density (e.g., growth on DCM), and a rapidly A dynamic BTF model was presented that adequately de-
growing biofilm with a low density (e.g., growth on tolu- scribes the degradation of a volatile acidifying pollutant in
ene). a biotrickling filter, as well as the resulting mass accumu-
For design purposes, process engineers are interested ingion in the system and mass distribution along the column.
simple rule of thumb for the maximum allowable carbon It takes into account reaction inhibition by the production of
load that can safely be applied. Within the light of the acid, and a distinction is made between active and inactive
foregoing analysis, it is advocated to use the rate of carbobiomass. The model is suitable for optimisation and design
conversion per unit void packing volume (CCV) when loadspurposes and provides insight into the dominating biologi-
of different systems are compared. Figure 14 shows thagal and physical BTF mechanisms.
above a CCV of 0.5-1.6 C mol/@n h) the clogging time Weighing of the experimental filter unit has proven to be
becomes a matter of months, rather than years. Higher loadspowerful tool to gain information about the development
should not be applied without proper counter-measures tof the different mass hold-ups on the packing of the BTF. It
remove excessive biomass from the filter. Figure 14 showgjives the development of the wet biomass on the packing as
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extra information that can be used to evaluate modelling C.  total carbonate concentrations (mofjm
results. In contrast to indirect methods like the study of the D diffusion coefficient of the specific substrate fs)

carbon balance, weighing of the filter has the advantage of Egmax

rate of substrate elimination in the system (C mot/(th))
maximum rate of substrate elimination in the system (C mol/

being both accurate and direct. As a result, long-term stud- (m? - h))
ies to evaluate filter clogging can be avoided. f..  active biomass volume fraction (-)

A comparison to other BTF systems demonstrates that it fao initial active biomass volume fraction across the biofilm (-)
is difficult to generalise results, as there is a large natural finex Vvolume fraction of inert mass (-)

variety in biofilm systems. The modelling carried out in this For

function that describes the pH dependence of the DCM degra-
dation (=)

work shows that a basic distinction should be made between Gayn  dynamic hold-up, defined in Fig. 3 (kg)
slowly growing, dense biofilms and rapidly growing, low- G, static hold-up, defined in Fig. 3 (kg)
density biofilms. Furthermore, a comparison of loading G total hold-up, defined in Fig. 3 (kg)
rates should always be made on a molar, instead of on aﬁwt total hold-up accumulation rate (kg/s)

mass basis.

Height of the BTF packing (m)
carbon dioxide to bicarbonate dissociation constant (ml/m

; . . . Ky
The time sc_ale involved in the clogging process of pqcked K,  mono- to bihydrogenphosphate dissociation constant (mipl/m
beds was estimated from the results of the model simula- k, Monod constant of compourid(kg/m?)

tions. They showed that above a carbon conversion per unitks  biomass decay or mineralisation constant (1/s)
void packing volume (CCV) of 0.5-1.6 C moI/E‘m h) the kogdw Volumetric mass transfer coefficient (1/s)

characteristic time for clogging becomes a matter of t"

initial biofilm thickness (m)
biofilm thickness (m)

months, rathe.r'th'an years and proper countermeasures t0,  gas-liquid distribution coefficient ()

prevent or minimise clogging phenomena may be neces- M,  molar mass of compournid(kg/mol)

sary. The exact value of the maximum load depends on the P.  total phosphate concentration (mofjm

characteristics of the reactor system and the properties of Reoz overall rate of CQ production (mol/(rii - h))
r.

the formed biomass. :

intrinsic rate of reaction of compoundin the biofilm (kg/
(m®-s))

_ The quelling eff_orts havg shqwn that it is necessary 10 ;. biomass mineralisation rate (kgims)

include biomass mineralisation in the model in order to s biofilm concentration of compounid(kg/m®)

accurately describe the mass accumulation in the system. Itu biofilm expansion rate relative to the film/support interface (m/s)
was also shown that addition of a phosphate buffer is not Y bioflm-water interface expansion rate (m/s)

necessary at DCM inlet concentrations lower than 23g/m X’
due to the relatively high buffering capacity of the bicar-

BTF volume (n7)
superficial liquid velocity (m/s)

A superficial gas velocity (m/s)
bonate ions in the liquid recycle. X length coordinate in the biofilm (m)
X total biomass concentration (kgfn
The authors thank the graduate students J. Dekker, M. Willem- Xae  active biomass concentration (kghm
sen, and E. Swaans for their help in obtaining and evaluating the Xinert - cONCeNtration of inerts (kg/M
data presented in this paper. Yocu Yield of biomass on DCM (-)
Yinerr  Yield of inerts on biomass (-)
z length coordinate along the column (m)
NOMENCLATURE
I,  flux of compoundi in the biofilm (kg/(nts)) References
I, flux of compoundi at the biofilm—water interface (kg/(fs)) ) ) ) ) )
s fractional void packing volume or voidage (-) Alonso C, Suidan MT, Sorial G_A, $m|th FL, B_lsyvas P, Smith PJ, B_renner
e voidage at which a critical pressure drop is reached (-) RC. 1997. Ga_ls treatmen_t in trickle-bed biofilters: how much biomass
ey voidage of the ungrown packed bed (-) is enpugh? Blgtechnol Bioeng 54:583—594. . ‘
¢ dimensionless biofilm length coordinatél () Arcangeli JP, Arvin E. 1992. Modeling of toluene biodegradation and
hmax  Maximum specific growth rate (1/s) biofilm gr_owth in a fixed biofilm growth in a fixed biofilm reactor.
m average local growth rate (1/s) Water Sci Technol 29:617-626.
Maet  SPecific growth rate of the active, DCM degrading population Bryers JD, Mason CA. 1987. Biopolymer particulate turnover in biological
(1/s) waste treatment systems: A review. Bioprocess Eng 2:95-109.
Pinert SPeECific growth rate of the inerts (1/s) de Beer D, Stoodley P, Lewandowski Z. 1997. Measurements of local
Teog  ClOgging time (time unit) diffusion coefficients in biofilms by microinjection and confocal mi-
v, stoichiometric coefficient of compounidliberated in the bio- croscopy. Biotechnol Bioeng. 53(2):152-158.
oxidation (-) de Heyder B, Overmeire A, Van Langenhove H,Verstraete W. 1994. Eth-
vgq stoichiometric coefficient of compoundliberated in biomass ene removal from a synthetic waste gas using a dry biobed. Biotechnol
decay (-) Bioeng 44:642-648.
Po biofilm density (kg/n¥) Deshusses MA, Hamer G, Dunn 1J. 1995. Behavior of biofilters for waste
o dimensionless column height (-) air biotreatment. Experimental evaluation of a dynamic model. Envi-
A fitting parameter in Eq. (2) (-) ron Sci Technol 29:1059-1068.
a, wetted packing area (1/m) Diks RMM. 1992. The removal of dichloromethane from waste gases in a
B fitting parameter in Eq. (2) (-) biological trickling filter. Thesis, Eindhoven University of Technol-
c; bulk liquid concentration of compourid(kg/m?) ogy, Eindhoven, The Netherlands.
Cs; gas phase concentration of compour(#g/nr) Diks RMM, Ottengraf SPP. 1991. Verification studies of a simplified
Cqo  DCM inlet concentration (kg/® model for the removal of dichlomethane from waste gases using a
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