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ABSTRACT

The hydraukic characteristics of an anoxic rotating biological contactor were studied under different Jow rates. The
:xperiments were carried out with the reactor ciean (without biomass) and <entaining denitrifying biodlm {Alcaligenes
semirficins) covering the disks, Residence Time Distribution (RTD) cxperiments were performed by the stimulus-response
:ecnmudue 2sing lithium chloride as tracer. Sxperiments without Siomass revealed :he 2x:stence of hydraulic dead volumes
(arcund 40% for hydraulic residence time of 0.94 and 2 hours) that sceur \n comers, where stagnant eddies form. When :n
normal operation, with the disks cavered by biofilm and with iogas production, these values decreased signiricantly, For
hydraulic residence time (HRT) of 2 hours 2 minimum dead volume was apserved, being appropriate to run the reactor
uncer this cendition. from the hydraulic viewpoint. The Dispersion number decreased with mncreasing HRT irom 0.94 h on,
for both types of experiment, without, and in the presence of biomass. For this HRT the dispersion number was maxiral in
Seth situaticns. A considerable diffusion of tracer into the biotilm was Jdetected, being faster in the more hvdrated biofilm,
nd ‘ustifring *he long mauls observed in the RTD axperimental curves.

Kevwaonds:

INTRODUCTION

The reranng mwolegical contactor (R3C) is widely used
as a fixed-filin biolegical system in wastewater treatment, The
principal rezsons are the cperational simplicity, treatment
efficiency low irea requirement, low :nergy consumption

ard robustness of :he system. Hvdraulic characteristes as
well 15 the inetics of the reaction determine the reiationshio
between inifluent and effluent quality, defining the
performance of the reactor. Regarding the mixing conditions
within the reactor, no common agreement 2xists whether a
RBC behaves like a plug-flow or a completely mixed reactor
(1]. in practice, the hydrodynamic behaviour of any biofilm
reactor lies somewhere between these two flow patterns and
-5 always .rfested Dy ‘he existence of by-pass or shert
Jrcuifing, recvcling and Jd2ad zones. The use ot closed
weruag diolvgical contactors is relatively new in dwological
~astewuter reswnent. it combines advantages of the sercbic
RE2C fhizh ~mwomass concenration, snon Avdrauiic setenticn
Al AN Of "ne INZeroDiC JTCCESS TloW JUAnULEs of wasie
cwicgical soiids) "2). Jome studies, conduciad at laporarory
g gpler-wczie nd cocused on che Rvdrauue sharaciensacs of
anaerobic I3Cs, sonclucea -hat high disk retationai speed
and low disk submurgence enhance mixing concitions :n
those reactors {3,4]. This tvpe of studies can give useful

Rotating piological contactor, residence time cismibution, dispersicn medel, dead space; diffusivie

informtazen sbout the sotennal Avdredraemic maifunesicrs
or fuif seaie REC,

n :he present work. the effect of Siofilm in the won-
ideal behaviour of a laboratory anoxic X8C (AnRBC) was
evaluated by Jetermining the residerice time distiribution
‘RTD), using tke stimulus-response technique 3,
lithium chioride as iracsr. Although this compouna s 1
widely accepted tracer for bivlogical reaczors {6} Dossitie

with

interactions with the biofilm can occur (7). More prec:seiv,
diffusion of tracer in and out of the biofilm can distort the
shape of the residence time distnbution and the ipparent
mixing characteristics of the bulk fluid. In crder o invesngate
this effect of Jiffusion of tracer into the bwriim. RTD
experiments were performed with the reactor clean (without
bicmass) wnd .zontaining denitrifving diefilm zovering the
disks. Culture medium was contnuously fed .n both
experiments and idenuical hydraulic restdence times wvere
appiied.

Zispersion modei

Jevzral nuces zn zesombe fne lud Jdow tacterm 62
seactor. One exampie 5 the single parameter “Dispersicn
Mledei” (5] thar was used 0 Jdescabe the dow parter in the
present case. According to this model, the ideal plug flow



pattern is affected by some degree of axial dispersion. It
predicts flow pattern from ideal plug flow (dispersion
number=0) to ideal mixing (dispersion number=e=). A value of
0.2 defines a large degree of dispersion and 0.02 an
intermediate Jdegree of dispersion.

If closed vessel conditions are applied, i 2 when both
tracer injection and collection take place in points of ideal
plug flow (zero dispersion), the equation of the dispersion
model is [8]:

E(6)= L'[G(s)] =

For low deviations from the plug flow pattemn, i. ¢. for low
axial dispersion, the results are not highly influenced by the
applied boundary conditions (5,3].

Diffusion of tracer into and out of the biofilm

When performing RTD experiments in biorilm reactors,
the diffusion of tracer into and out of the biofilm can affect the
experimental curve. Thus, as the tracer flows throughout the
reactor, if the buik concentration is high there is diffusion into
the biofilm and, when the bulk concentration is low there is
diffusion out of the biofilm. This phenomenon retards the
tracer output, introducing a long tail.

The characteristic 1me for diffusion of the rracer into
and cut of the biofiim is defined by:
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where 8 is the biofilm thickness (cm) and D, (cm’s") is the
diffusivity of the tracer. Stevens et al. [7] defined the
conditions that allowed the importance of this phenomenon
to be evaluated. If the residence time based on the liquid
volume (excluding the biofilm) of a tracer in a reactor
segment is ts, three situations can occur:

1./t >100: Jdiffusion of tracer into the biofilm is not
significant. Tracer concentration in the biofilm remains
sssentially zero; the biofilm behaves as a non-porous
material;

2. t/t, < 0.1: diffusion of tracer into the biofilm is very
rapid. Tracer concentration in the biofilm is essentially
equal to the concentration in the bulk liquid;

3. 0.1< ty/t, < 100: as the tracer flows through the reactor,
the concentration changes in the biofilm, and the RTD
profile will have a long tail.

MATERIALS AND METHODS
Experimental set up

The reactor is an anoxic single stage RBC consisting of
13 peiy-methyimethacrylate disks, with a disk submergence

.of 1.5%, mounted in a rotating shaft. A schematic description

of the reactor is :ilusirated in Figure L. The rotational speed

234cm

; == Q3cm

Schematic diagram of the AnRBC.



was 2 rpm and temperature was maintained around 26°C by
means of a water jacket. The liquid volume was 13 1.

Operation mode, substrate and inoculum

The reactor operated with hydraulic retention times of
03, 0.94, 2.0, 2.8 and 3.3 hours and was fed with 1 synthetic
medium with 30 mg N- NOy I, 200 mg P I and using Sitrate
as carbon source {9].

Cuitures of Alcaligenes denitrificans ATCC 15173 were
grown in batch mode for 3 days at 26 *C in an orbital shaker at
130 spm. The reactor was incculated with 500 ml of this
culture and operated under batch mode for a week, in order
to favour and promote initial biofilm formation.

Analytical methods

The biofilm thickness was measured with a vernier
calliper. Average values were obtained from 10
determinations in each disk. Total solids were used as a
measure of biomass concentration and were determined in

accordance with the Standard Methods (10].
Tracer experiments
The residence time distribution (RTD) studies were

performed 5y the stimulus-response techmique [3i using
lithium chicride as tracer. Aliquots of 2 ml of a solution

containing 20 g Li* I wvere injected, as a pulse, in the influent
stream. Effluent samples were collected immediately after the
injection and at frequent intervals, for at least 3 hvdraulic
residence times, until no tracer was detected. Lithium
concentration in the samples was measured in a flame
photometer (Jenway PFP7). The exit concentration was
always below 10 mgl'. The “Optimisation Toolbox” from
MATLAB (The Mathworks, Inc,, USA) was used to obtain the
optimal parameter by nen-linear regression, using the
Levenberg-Marquardt methed (11].

RESULTS AND DISCUSSION

Comparing the results obtained with biomass and the
clean reactor (Figures 2, 3 and 4), it can be seen that the peak
of the curves of the experimental data obtained with biomass
inside the reactor, always appeared later. This wvas to be
expected due to the presence of the biofilm, which delays the
passage of the tracer through the reactor.

Table 1 presents the results from the. experiments
without biomass. [n all runs the recovered tracer was alwavs
in the range of 100=""% of the injected amount.

In these experiments, since there was no biomass, the
dead volume represents only hydraulic dead space that
occurs in corners, and possibly between the disks, where
stagnant eddies form.

Good correlations of the dispersion model to the data

HART =05h

14

cud

1.2 4 5

= 03,"‘;.:'""“:‘

= 1.0 - o

;:@ | A ]

2'.:‘. 08.!" o}

I R .

-— ,!“O ‘A‘Q

3 = 0.6 - -

2 2 04a L

=~ ¥

= = A

21’;.'0-2‘;: MPAaa A Ay
5 e C a A s A
* 0.0 &— S Eam—meo o S o

O
o

o

(S]]

=
o

35 40 45

1
Normalized time, ©

Without Biomass = With biomass

Figure 2. Zxpenimental Jdata from the residence ume listribunon with and without biomass in the AnRBC for the hvdraulic

retention time of 0.5 aour.
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Figure 3. Expenmental data from the residence time distribution with and without biomass in the AnRBC for the hvdraulic

retention time of 0.94 hours.
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Figure 4. Experimental data from the residence time distribution with and without biomass in the AnRBC for the hydraulic

retention time of 2 hour.
Table 1. ~Experimental resuits without biomass :nside the were cbtained for ail the experiments. The worst was
abrained for HRT = 2 i, which can pe expiained by the high

AnRBC.
dead volume ietected {47%). Fur the 2xperiment of HRT =

HRT:h)  D:ul MRT/H) V. %) R 0.94 h the detected dead volume was also very high (40%). in
Ry Je3 Ol P TP XY | zeneral, the long il in the excerimenzal RTT urve shows 2
2.94 1.33 0.6 BT} 7.953 discrepancy between the mean residence time and the
Alh) 949 - 1.2 57 1315 thecretical residence time. High values of the nvdrauiic dead
3 )24 23 3 1973 space were not expected in the runs without biomass.
3 However, it is possitie that stagnant qydraulic zones 2xist

3.3 2. 38 3 297
near the inlet or between the disks where tracer can be
trapped and slowly released. It must be noted that, in this

MR - mean resiGence ame: X- - cOITelanon coernacent: ¥, ~
Voiume of dead space (= 1-MRT. HRT,*100]



reactor, the liquid volume between the disks represents 79%
of tze total liquid volume. Furthermore, the small space
between the disks (2 cm) can hinder the tracer tflow, resulting
in high dead volumes for some conditions of HRT. However
this hvdrodvnamic malfunction is overcome when biofilm is
present.

RTD studies, for three hvdraulic retention times,
performed with denitrifying biomass in the AaREC (disks
fully covered with biofilm) were carried out arter the reactor
nad been started up and operated for at least 100-fold the
hydraulic retention time. Table 2 summarizes the
axperimental resuits and the calculated parameters, including
those reiated to dirfusion of tracer into the biodim (ty). As can
be seen, there was again a good fit between the dispersion
model and the experimental data. )

Figure 5 represents the influence of HRT and presence
of biomass on the dead volume.

In these experiments, the volume of dead space
includes the hydraulic dead space and the biological volume

occupled by the bicmass and by the gas produced, but
stimulus-response techniques do not allow for the distinction
between these two forms of dead volume. In spite of the high
values of dead space encountered for the reactor empty of
biomass, when in ncrmal operation with biomass and biogas
oroduction, the fraction of dead volume decreased
significantly, excent for HRT of 0.5 hours. This suggests that
the presence of biomass and biogas contributed o a
significant decrease in the existing hvdraulic stagnant zones.
However, for that HRT, probably due to greater biomass
growth ind bicges oroduction, the dead voiume was higher
than when the reactor was empty of biomass. In thus case, due
to the high flow rate applied, sloughirrg of biofiim and its
accumulation in the bulk liquid was observed. From the
viewpoint of hydraulic operation, the HRT of 2 hours is
advisaple, since it corresponds to the lowest dead volume
detected.

Figure 6 represents the influence of HRT and presence
of biofilm on the dispersion number.

Table 2. Experimental results with biomass in the AnRBC.
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Figure 6. Dispersion number versus HRT with and without biomass in the AnRBC.

The presence of biomass decreased significantly the
dispersion numper, particularly for HRT of 0.94 hours, where
3 maximum dispersion was derected in bath situaticss. In the
axperiments without biomass, a significant dacrease n
dispersicn was observed 'when the HRT increased Tom 0.34
0 2.3 hours. However, iccording fo :the classification °f
Levenspiel ‘51, in ail the runs the d2gree of Jdispersion
Jetected was mugh. A similar resuit was obtawned by Lin 2 1,
{12}, who concluded that the dispersion number increases
with Tlow rate in the same type of reactor.

Regarding the diffusion of tracer into and out of a
biciiim, according ‘o Stevens 2t 1l '7), it is controllud dy :he
biofilm thickness and tracer diffusivity. 'n this work, the
diffusion coefficient of lithium chloride at 26°C (1.4 x 10% cm®
s") was calculated according to Perry and Chilton [13]. As this
value was the same for the three HRTs, the time cof dirfusicn
of the tracer was only dependent on biofilm thickness.
However, it should be stressed that biofilm structure, which is
strongly influenced by hydrodynamic conditions and shear
stress, can also arfect the Jiffusion. A more hvdrated and
forous biohim s nore 2asiv cenetrated, 1s was observed :n
the expeniment with HRT of .94 h \Tabie 2). In this case. the
diffusion time was about one third of that obtawned for SRT of
2 hand the corresponding ratio of wet weight / drv wetgnt for
e mofilm wis 2imost mvo rimes higrer. The sotained values
‘or t,,; %, indicate 1 zonsiderabie diffusion of ‘racer 'nto the
Siorilm. The combination >f this »ffect with *he cossible
Jresence of hydrauiic dead zcnes is responsibie for the iong
rails observea n the XTT curvas :Figures 2, Z and 4).

CONCLUSIONS

RTD experiments without biomass reveaied :ne
axistence of hvdraulic dead velumes {around 40% for HRT of
274 and 2 heurs) thar occur in cormers, and in the space
Servaen -he 2iis, vhere stagnant eddies torm. When a
Jperation with “he Jdisks zovered dv diotilm and with biogas
oreduction, these values fecreased significantly. In those
conditions, the minimum Jead volume was observed for HRT
of 2 hours, in the investigated interval of 0.5-2 hours. From
the hvdraulic viewpomnt, it vas considered appropriate to run
the reactor under this cendition of HRT.

The dispersiun number decreased with increasing HRT
from 0.94 h on, for both experiments without and with
biomass. For this HRT, the dispersion number was maximal
in both siruations.

A considerabie dirfusion of tracer into the biofilm was
detected, being faster in the more hydrated biofilm.
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