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Abstract The process characteristics of an industrial scale trickling filter plant were quantified by means of
a five day intensive measurement campaign with the use of on-line respirometry and on-line off-gas analysis.
Respirometry was used to measure the readily biodegradable COD; and the off-gas sensor was used to
monitor the O, and CO,, content of the off-gases. To model the biodegradation in the filters, the model
developed by Rauch et al. (1999) was used. It is based on the decoupling of two basic processes in biofilm
systems, substrate diffusion and biodegradation. This model was extended with equations for the production
and the pH-dependent liquid-phase equilibrium for inorganic carbon (IC). The measured effluent and off-gas
concentrations could be followed very closely by the calibrated model. O, and CO, measurements revealed
that the system was not always oxygen limited. The model calibration thus required the use of a very low value
of the diffusion constant for readily biodegradable substrate.
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Introduction

The process under study isan industrial wastewater treatment plant. A characteristic of the
WWTPisthat theinfluent concentration of COD isextremely high and variesdramatically
over time. This paper describes part of aproject, theaim of whichisto optimisethe plant by
applying minor process changes and process control. On-line sensors were integrated and
the plant was modelled and simulated to test out proposed process changes and control
strategies.

A schema of the biofilm wastewater treatment plant under study is depicted in Figure 1.
It consists of two trickling filters (TFO1 and TFO2) working in parallel. Each filter has a
height of 6 m and adiameter of 18.5 m. Thetotal reactor volumeis 3160 m3. Thisvolumeis
filled with a PVC carrier materia of the cross-flow type with a specific surface area of
100 m%&/m?3 and aporosity of about 95%. There are several recycle loops, which ensure that
each filter receives aconstant recycleflow of 300 m3/h. Two “short” loops recycle the efflu-
ent of eachfilter toitspumpingtank. A “long” recycleloop takesthe water through aninter-
mediate clarifier. Part of this flow serves as the influent to the activated sludge system, the
rest is distributed again over both trickling filters. Both pumping tanks have a volume of
128 m3. To provide the biomassin the filters with oxygen, two ventilators suck air through
the bed volume with a flow rate of approximately 7800 m3/h for TFO1 and 9500 m3/h for
TF02. Both ventilators also have a“low position”, providing aflow of 4300 m3/h for TFO1
and 6600 m3/h for TFO2. These flow rates have been measured using apitot tube. The aver-
age total influent flow rate was 110 m3/h. The organic load of the plant equals 15000 kg
COD/d.

The measurements conducted were used to monitor/model the biodegradation of com-
ponentsin thefiltersand their behaviour under changing process conditions. To investigate
the response of the system to a changing air flow rate through the filters, the air flow was
halved halfway through the measurement campaign.
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Figure 1 Hydraulic lay-out of the trickling filter system under study (pt=pumping tank, dw=dilution water)

Measurement techniques

Measurements of COD, SS N and P were made using standard methods. The readily
biodegradable COD measurement was conducted on-line with the RODTOX  biosensor
(Kelma bvba, Niel, Belgium) available on-site (Vanrolleghem, 1994). Measurements of
COD, were conducted intheinfluent aswell asin the effluent of thefilters by sensor multi-
plexing.

The O, measurement was based on the paramagnetic characteristic of oxygen gas. The
measuring cell containsadiamagnetic part suspended in apermanent magneticfieldin such
away that it can rotate out of the magnetic field. An opto-electrical compensation circuitis
provided to keep the dumbbell in a defined resting position. The paramagnetic characteris-
tic of the O, in the sample gas will change the magnetic field. This effects an adaptation of
the opto-electrical compensation which isused to calculate the O, concentration.

CO, was measured with the NDIR (non-dispersive infrared) method. The sample gasis
pumped through one compartment (the measuring side) of a measuring cuvette. The other
compartment (the reference side) isfilled with areference gas. The radiation is directed to
one side of the cuvette at atime with a modulation wheel. A certain amount of the compo-
nent of interest (CO, in this case) is also enclosed in adetector that consists of two optical
absorption layers in series, pneumatically separated by a window. The amplitude of the
pressure pulses of the window, due to unequal heating in both compartments, is used as a
mesasure of the CO,, concentration in the sample gas.

A single measurement of the CO, concentration in the off-gases of thefilter is not suffi-
cient to describetheinorganic carbon (1C) equilibrium. Indeed, some microbially produced
CO, can leavethe systemin the water and not in the gas phase. For that reason, extrameas-
urements of the|C concentration and the pH were needed. Thiswas done using thetitration
technique devel oped by Van Vooren et al. (1999). Titration curves are monitored by adding
a0.1 M HCI solution to lower the pH from the actual pH of the sample, down to pH 2.5.
Software developed in C++ cal cul ates the buffer capacity profiles from thetitration curves
and estimates the 1C concentration from them. Once the total 1C is determined, the parti-
tioning among the forms HCO3 and COZ,(aq) can be determined using a partitioning model
that isafunction of the actual pH of the sample (notethat CO4~isonly presentinvery small
concentrationsat the pH values usually encountered in wastewater treatment systems). This



can be done using thefollowing equations:

107" _
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Model building

Dynamic biofilm model

A simple dynamic model was used for simulation of the removal of substrates by bacterial

species growing in abiofilm reactor (Rauch et al., 1999). The fact that makes most biofilm
modelsrelatively complex is that not only the microbial conversion of substrates needsto
be considered but also the diffusive transport of soluble substrates inside the biofilm
(Figure 2). The basic ideabehind this model implementation isto decouplethe calculations
of thesetwo processesoccurring in the biofilm. The model isan extensionto thewell known
half-order reaction concept that combines a zero-order kinetic dependency on substrate
concentration with diffusion limitation. The separate assessment of substrate diffusion
means that the penetration depth of substrates can be related to afraction of biomassthat is
activein conversion. The conversion isthen calculated considering only the active fraction
of the biomass. The major advantage of the model is the simple structure, which leadsto a
lower computational requirement than other state-of-the-art biofilm models. The model is
solved by means of atwo step procedure where (1) for each conversionprocessthat isinflu-
enced by diffusion, the active fraction of the biomass within the biofilm is computed by

(ias phose

Audwectian Kulk lguid
Mixing
Saluhles I
q Allachmeng Detachment
&= A
E IMifFusicn ﬂ:'.lil-l il |||Iu!~l.'
E "zl nhiace Biufilm
Suhstratinm

Figure 2 Transport processes in an ideal biofilm system
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Figure 3 lllustration of a diffusion limited reaction in a system with 2 substrates (S being oxygen and Sq
being organic matter) and 1 species. S, is the limiting substrate
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Table 1 Process matrix for biokinetic processes in the biofilm and corresponding effect on the concentration
of soluble components in the bulk liquid

Bulk Liquid Biofilm
Process rate

Process SoML?  SgML?  SpML= S oML S ML XgyML  XggMLS  Xg ML ML3T!
aerobic het. growth  1-1/Y,, -1/Y iy 1 My Xegh - ¢H
decay heterotrophs -1 1-fp fp by XgH
hydrolysis of Xgg 1 [% -1 Ky Xgs
hydrolysis of Sy 1 -1 k- Sg
hydrolysis of Syp -1 1 Ky Snp

means of asimpleanalytical solution and (2) all conversionswithinthe biofilm arecalcul at-
ed as if the biofilm was an ideally mixed reactor but with only the active fraction of the
species contributing (Figure 3).

The assumptions this model relies upon are the following: (1) the biofilm is assumed to
be of homogeneous structure and density, (2) the microbial speciesin the biofilm are uni-
formly distributed, (3) the traditionally modelled stagnant liquid layer is neglected, (4)
reaction rates are of zero-order, (5) soluble components that emerge from conversion
processesinside the film are assumed to be subject to immediate “ out-diffusion” at the sur-
face of the biofilm and (6) an instantaneous steady-state substrate profileis assumed.

Theuse of zero-order reaction rates (assumption 4) isvery widespread in biofilm model -
ling, asit isagood description of biofilm kinetics when substrate concentrations are suffi-
ciently high. Since the trickling filters are used as a pre-treatment step for the subsequent
activated sludge system, effluent concentrations are sufficiently high to alow the use of
zero-order reaction rates (Figure 9).

Assumption 5 is only of importance when a soluble component is produced inside the
biofilm due to conversion processes (e.g. nitrate from nitrification). The assumption of
immediate out-diffusion indeed neglects the possible accumulation of the component
inside the biofilm. However, since nitrification and denitrifi cation were not occurring, these
processeswere removed from the model and nitrate accumul ation was not to be considered.

Assumption 6 is, in principle, violating the mass balances in a dynamic simulation.
However, as outlined in Wik (1999), the characteristic time of the hydraulic and diffusion
phenomenais about one order of magnitude smaller than the time scale of reactionsin the
film. It is thus reasonable to solve the equations for substrate diffusion in a steady state
when simulating therelatively slow dynamicsin the biofilm system.

Thebiokinetic process descriptionisstraightforward once the active fractions of the bio-
mass have been computed. The concepts formulated in the activated sludge model No 1
(Henzeet al., 1987) are followed as closely as possible (Table 1). However, anew influent
component was introduced, named Sz. This was needed to make the dynamics of soluble
COD fit. Hydrolysisof SR isdescribed by asimplefirst order equation andislinked to Sg

Model extension for inorganic carbon production and transport

The model described above was extended with a model for the description of the carbon
dioxide production rate (CPR) in the biofilm reactor, partly based on the model developed
by Spérandio and Paul (1997). The CPRis, however, not directly measurable. Production of
IC from bacterial conversion takes placein the form of COz’aq. The dynamic equilibriain
which CO, plays arole result in adistribution of CO,, over the liquid and the gas phase so



that aCTR (CO, transfer rate), rather than aCPR, ismeasured (Govind et al., 1997), that is:
CTRITHE!SJI’Gd CPRreality

« . e
col®™ o cOl® - H,CO; » HCO;+ H*  COZ +2H*

Since the hydration of CO, is established very slowly, a combination of the equilibriais
allowed (Noorman et al., 1992). The following equilibrium reactions with their correspon-
ding dissociation constants K, and K, can take place:

« o _[H'I[HCOs]
YTk, [COy ]

- _ HCo-
CO, zq +OH™ « HCO; KZ:k__zz[(%.[Zaq%

In this model, the IC-equilibrium is modelled kinetically. The pH-dependent production
rate of bicarbonate can bewritten as:

Moo = K[COs,aq] ~KIHCOS J[H"] +1,[CO; 1 [OH ] +k ,[HCO5 ] @

The masstransfer between gasand liquid phase for carbon dioxideis expressed as:

COy oq + HyO = H* +HCO3
©)

. p
;" = CTR=K @ ([CO; pq]* {COq]) V. With  [CO, ¥ =225 (5)

whereH isthe Henry’s constant for CO, (atm-1M) (Sander, 1996).

Model implementation

The dynamic model along with the extension described above wasimplemented inthe sim-
ulator WEST++ (Hemmis NV, Kortrijk, Belgium). The hydrodynamics of thefilter system
were taken into account (De Clercq et al., 1999; Vanhooren et al., 2000). The model
implementation isrepresented in Figure 4.
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Figure 4 Layout of the trickling filter system in the simulator WEST
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Figure 5 Comparison between simulated and measured CO,-concentration in the off-gas of TF02 after
lowering the air flow rate at time O
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Figure 6 Influence of the air flow change on the IC production and CO, concentration of TF02

Hydrodynamics of the trickling filters

Thehydraulic behaviour of thetrickling filter was modelled using the results of atracer test.
Thetracer, 5kgof LiCl, wasinjected asapulsein the pumping tank (De Clercg et al ., 1999).
It was found that the free flowing liquid in the trickling filter could be described as atwo
tanks-in-series system of 15 m3 each.

Gas mixing in the trickling filters

To investigate the gas mixing in the trickling filter system, the ventilators were switched
from *high” to “low” position. CO, and O, concentrations were monitored. The system
response provided information about the mixing properties of the gasphaseinside thereac-
tor. The gas phase could be modelled as asingle perfectly mixed tank of 2000 m3 (Figure5).
The model predictions were made using the measured values of the air flow rate, together
with afixed production rate of CO, and afixed consumption rate of O,,.

These assumptions could be made because the wastewater composition did not change
significantly during the short period around the step changein air flow rate and because pre-
vious studies have shown that the biodegradation was not affected by the air flow rate
change (Vanhooren et al., 2000). Indeed, the change of air flow and air retention time appar-
ently had no effect on the oxygen and carbon dioxide mass transfer to and from the water
and the biofilm. Figure 6 shows that the total amount of carbon leaving the system viathe
gas phase returned to the same value as that before the change. As no accumulation of in-
organic carbon in the liquid was observed, the microbially produced CO, could be assumed
constant.



Wastewater fractionation

Thefraction of readily biodegradable substrate S;was estimated from the available on-line
respirometric data. The soluble, inert non-biodegradable substrate was determined by a
mass bal ance using data of the final effluent (after activated sludge treatment). The soluble
hydrolysable substrate S; was determined by amass balance of soluble COD. More details
on this estimation can be found in Petersen (2000). The amount of particulatesin the influ-
ent wasinsignificant but in the effluent it was estimated as the difference between total and
soluble COD. It wasfurther subdivided into thefractions Xgand X;. Nitrogen was measured
as total nitrogen and ammonia. Since the particulate organic nitrogen was considered
insignificant, thefractions § and S could easily be determined from the measurements.

Model calibration
Inthe calibration of the model, the model parameterswere adapted to fulfil:

1. The sludge balance: It isimportant that the sludge balance of the model matches. Good
data about the sludge production of the plant were not available. Only suspended solids
measurements of theintermediate clarifier influent and effluent were available. It was cho-
sen to change attachment and detachment model coefficientsto approximate the suspended
solids measurements. To have an extracheck on the sludge bal ance, theremoval of nitrogen
from the system was monitored. Since nitrification and denitrification were not occurring,
these processeswere removed from the model. The remaining nitrogen removal isthenonly
viaassimilation and, thus, due to sludge removal from theintermediate clarifier.

2. The effluent concentrations: An aim of themodel isthat it describesthe concentrations of
the biodegradable substrates and the nitrogen components. The parameters to which the
model is most sensitive in this respect are the specific growth rate W, the decay rate by
and theyield coefficient Y,,. For this case study, |ab experiments have shown that the well-
accepted yield (Henzeet al ., 1987) of 0.67 istoo high and that avalue of 0.5 ismore appro-
priate (Petersen, 2000). Typically, aso for biofilm models the diffusion coefficients of
substrates in the biofilm (D) have to be calibrated. In the measured data, it is clear that a
load-peak in the influent is followed by apeak in the O, uptake and the CO, productionin
thefilters (Figure 7 and Figure 9). Initially, it was assumed that the system woul d be oxygen
limited. Inthiscase, these peaks could not occur. The system observations could thus not be
modelled by an oxygen limited system and a very low diffusion constant for the readily
biodegradable substrate S had to be implemented.

Table 2 Biodegradation model parameters

CO,/ HCO3z equilibrium and mass transfer parameters Biofilm characteristics

ky 0.018 [ st Hy [growth rate heterotrophs] 2.5 d!

K, 4.065.107[@  mol.L-1 Yy, [heterotrophic yield] 0.5 g COD/ g COD
ky 4600 [a] L.(mol/s)™* by, [heterotrophic decay] 025 dt

K, 4.065.10"7  Lmol-1 k. [hydrolysis of Sg] 50 d-t

K.a(0,) 5000 d-t ky, [hydrolysis of Xg] 2 dt

K,a(CO,) 4500 dt k, [ammonification of Syp] 0.005 m3.(g COD/d)!
D; (0,) 2.10-5[0 cm?/s k,; [attachment coefficient] 20 dt

D; (Sg) 6.1077 cm?/s ky; [detachment coefficient] 0.05 d!

[a] Spérandio and Paul, 1997 [b] Bird et al.,1960
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Figure 7 Measured and simulated off-gas CO, concentration
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Figure 8 Measured and simulated effluent concentration of HCO3

3. Theoff-gasconcentrations: Themodel parameters should be adapted to make the predic-
tions follow the measured off-gas concentrations. For the inorganic carbon components, it
is also important to model the liquid phase inorganic carbon concentrations, COZ’(aq) and
HCO3. Particularly, the knowledge of 1Cin both the liquid and the gas phase can be used to
obtain good estimates of the K a for CO, and thus also for O,. It can be shown that
(KLa)02=0.9(K a)°?(Spérandio and Paul, 1997).

Thecalibrationresultsaregivenin Figure 7 to Figure 10. The parameters used are shown
in Table 2. A TOC/COD ratio of 0.33 was selected using the results of a measuring cam-
paign withaTOC sensor at theinfluent of the plant.

Despite the good fit, there was still some doubt about the validity of the model regarding
the substrate limitation in the biofilm. For that reason, the hypothesisthat biodegradationin
the liquid phase outside the biofilm and in the pumping tank could remove sufficient sub-
strate so that the biofilm would become oxygen limited, was studied. In this case, the
observed variations in off-gas concentrations would be due only to varying degradation
ratesoutsidethe biofilm. Therefore, measurementsof therespiration ratewere conductedin
the short recycle loop of the trickling filters. An oxygen uptake of 0.22 mg O,/l.min was
measured. Biodegradation in the pumping tank and in theliquid phase of thetricklingfilters
was implemented in the model, using the parameters of the calibrated activated sludge
model (Petersen, 2000). The maximum specific growth rate of the biomass was adapted so
as to obtain the measured respiration rate. Also, a small reaeration volume was integrated
before the pumping tank to model the reaeration of the liquid that flows out of the filters
in a very turbulent way. However, the simulations showed that only 2% of the total
bi odegradation was due to degradation outside the biofilm.
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Figure 10 Measured and simulated concentration of effluent ammonia-N (Sy )

Conclusions

A model, based on the simple multispecies biofilm model developed by Rauch et al. (1999),
was built and calibrated to describe the biodegradation in an industrial scaletrickling filter.
The calibration was based on theresults of afive day intensive measurement campaign with
the use of on-linerespirometry and off-gas analysis. Respirometry was used to measure the
readily biodegradable COD intheinfluent and the effluent of the plant. Off-gasanalysiswas
used to monitor the O, and CO,, content of the off-gases. The model was extended with a
section describing the production and transport of CO, and inorganic carbon (IC). The
measured effluent and off-gas concentrations could be followed very closely by the cali-
brated model. O, and CO,, measurements revealed that the system was not always oxygen
limited. Themodel calibration thusrequired the use of avery low valueof the diffusion con-
stant for readily biodegradable substrate. Liquid film biodegradation will be investigated
further to shed morelight on thismatter.
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