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Abstract

A new process for ammonium removal from wastewater using zeolite has been devel oped. The zeolite (chabazite) servesthe dual
purpose of an ion exchanger and a physical carrier for nitrifying bacteria which bio-regenerate the ammonium-saturated mineral .
Theentire processiscarried out inasingle, compact reactor and takes placein two phases: ion-exchange phase and bioregeneration
phase.

Thispaper describestheeffectsof the biofilm onion-exchange capacity and kinetics. Batch and continuousexperiments showed
areduction of about 25 to 30% in the ion-exchange rate in biofilm covered chabazite as compared to virgin chabazite, while the
ion-exchange capacity did not change. Experiments conducted i ndi cated that the rate-controlling step for ion exchange shifted from
porediffusioninthevirgin chabaziteto film diffusionin the biofilm-covered chabazite. The diffusion rate of NH,* inside biofilms
isof thesameorder of magnitudeasdiffusionrateof NH,* inwater and 3to 4 ordersof magnitude greater than typical porediffusion
rates reported in zeolites. Therefore, the biofilm coverage of the chabazite was originally not expected to affect the ion-exchange
rate. In addition, chemical precipitation was experimentally found not to be the cause for the ion-exchange rate reduction.

It was hypothesised that the rate-limiting factor for ion exchange was caused by the part of the biofilm adjacent to the chabazite

which differs from the rest of the biofilm and is characterised by a much higher density which impedes diffusion.

Introduction

A new process for ammonium removal from wastewater has been
developed at the Technion. The process uses chabazite, an ion-
exchangemineral of thezeolite group, toremove ammoniumfrom
wastewater effluents. The zeolite also servesthe dual purpose of a
physical carrier for nitrifying bacteria which bio-regenerate the
ammonium-saturated mineral. By removing the nitrogen from the
wholetreatment plant flow, amoreefficient and flexiblewastewater
treatment schemeisfacilitated. The process has the advantages of
the ion-exchange process (high reaction rate, good control of
effluent quality, no sensitivity to fluctuations in NH,* influent
concentrations), while overcoming its main drawback, the costs
involved in the chemical regeneration by employing biological
regeneration of the ion exchanger.

Theprocessiscarried outinasingle, compact reactor and takes
place in two phases:

lon-exchange mode (NH,* separation stage): A column filled
with zeolite (chabazite) is used for ammonium ion exchange from
secondary or primary effluents. When NH,* concentration break-
through occurs the system switches to the bioregeneration mode.

Bioregeneration mode (nitrification stage): The same column
containing the ammonium-rich chabazite is used during the
bioregeneration mode as a fluidised bed reactor for biological
nitrification with the chabazite acting asthe carrier for the biofilm.
A cation containing regenerant sol ution isrecircul ated through the
bedin order to desorb NH,*. The amount of the NH," desorbed and
itsconcentrationin theregenerant solutionisafunction of thetotal
cation concentration in the solution and the recirculated solution
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volume. After a short time, the solution reaches an apparent
equilibrium concentration of ammonium (Reaction|), whilesimul-
taneously, the biomass starts to oxidise ammonia (Reaction I1).

I. desorption:
Il. nitrification:

Z-NH +Na" - Z-Na +NH/
NH,*+20, - NO, +2H*+H,0

The oxidation of the liberated ammoniato the nitrate anion in the
second reaction, shifts the equilibrium in the first reaction to the
right and desorption continues until the ammonium concentration
inthe solution dropsto negligiblevalues. At thispoint, theamount
of NH,* remaining in the chabazite to the next adsorption phaseis
a function of the cation composition and concentration of the
recircul ated regenerant solution.

During theregeneration mode, thereactor operatesinan almost
batch mode (no outflow and minimal inflow) and pressurised
oxygen is supplied for the nitrification process together with
bicarbonateto maintain constant pH. Theoxidation of thedesorbed
ammonium to nitrate anions alowsfor the reuse of the regenerant
duringmany cyclesof nitrification. Theaddition of external cations
islimited only to the amount of sodium bicarbonate buffer added.
At the end of both adsorption and regeneration modes, backwash
is practiced. After the adsorption mode, backwash removes sus-
pended solidsthus preventing bed clogging and heterotroph bacte-
riaaccumulation in the bed which might compete with the nitrifier
population. At the end of the bioregeneration mode, backwash
removes the remaining regenerant solution from the bed which
may deteriorate ion exchange efficiency at the beginning of the
next adsorption phase. Thisnitrate-rich backwash water is consid-
ered aproduct rather than a pollutant and therefore denitrification
isnot necessary. A schematic description of thesystemisshownin
Fig. 1.

Resultsfrom experimentswith either simulated, secondary, or
primary effluents showed that the processis capable of high-rate
ammonium removal and stable performance (an average nitrifica-
tion rate of 7.2 g NH,-N/(¢ reactor-d) was obtained during the
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Figure 1
Schematic representation of the process

bioregeneration mode). A high nitrifying population was estab-
lished with only minimal heterothrophic bacterial competition.
Moreover, thesystem wasfound not to be sensitiveto bed clogging
even when actual secondary and primary effluents were treated.
Detailed description of the processisgivenelsewhere(Greenetal.,
1996; Lahav and Green, 1998).

However, side experiments carried out on the biofilm covered
chabazite showed a reduction of up to 30% in the number of bed
volumes (BV) to ammonium breakthrough (in comparison to
virgin chabazite), indicating adeterioration inion-exchange kinet-
ics or/and capacity.

In the described process the ion-exchanger particles act as a
carrier for the biomass, i.e. the particles are covered by biofilm.
Average biomass concentrations varied between 2.0 mg proteing/
g chabazite when air was used in the bioregeneration phase and
8.5 mg proteinsg/g chabazite when pure oxygen was used. Accord-
ingly, nitrification rates varied between 1.0 g N/ reactor-dto 7.2g
N/¢ reactor-d.

Information regarding the effects of biofilm covering ion-
exchange material on the ion-exchange characteristics is scarce.
This is probably because the accumulation of biomass on ion-
exchangeparticlesin classical ion-exchange processesisminimal.
However, reduction in adsorption efficiency caused by biofilm
coverage has been reported in biological activated carbon proc-
esses. Bishop et a. (1972) reported that biological growth on
activated carbon beads caused a drop in adsorption efficiencies
from approximately 75% to 80% to approximately 55%. Flynn et
al. (1976) report that about 30% of the surface of carbon that had
beenin contact with bacteriafor an average of 5d wasinaccessible
for adsorption. Lowry and Burkhead (1980) reported that the
adsorptive capacity of GAC (granulated activated carbon) dimin-
ished rapidly with the establishment of even avery light coating of
biological solids. In contrast, Nakhlaand Suidan (1995) found that
the adsorptive capacity of activated carbon was not affected by the
establishment of biofilm onthesurfaceof the GAC granule. Shultz
and Keinath (1984) reported reduced adsorption Kinetics for phe-
nol adsorption on biofilm-covered GAC granules. They concluded
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that the mass transfer through the biofilm had a
significant effect on the rate of substrate removal by
adsorption.

Thispaper concentratesontheeffectsof thebiofilm
coverage of the ion-exchange material on ion ex-
change capacity and on ion-exchange kinetics.

First, relevantinformationregardingion-exchange
kinetics, and transport rate of ions in biofilms, in
relation to potential effects of the biofilm ontheion-
exchange characteristics will be discussed. Results
from experiments comparing ion-exchange charac-
teristicsof virginand biofilm-covered chabazitewill
then be presented, and their relation to theoretical
expectations, based on ion-exchange kinetics and
ion transport rate in biofilms will be discussed.

Kinetics of ion exchange

lon exchangeisadiffusion process, therate of which
depends on the following relative rates:

 Transport of the exchanging ionsin the bulk
solution

« Transport of the exchanging ions through an
adherent film (or boundary layer) at the particle
surface - “film diffusion”

« Transport of the exchanging ionsinside the
particle pores- “ pore diffusion”

« Actuad rate of the ion-exchange process.

Therate of theion exchangeisdetermined by the slowest process.
Only seldom doesthe actual ion exchange present therate-limiting
step for the ion-exchange process. Furthermore, the high flowrate
typically practiced in water and wastewater treatment allows for
relatively rapid transport of the ions in the bulk solution. Hence,
filmdiffusionor porediffusionareusually theratecontrolling step.
Film diffusionisameasure of theresistanceto thetransport of ions
from the bulk solution through the hydrodynamic boundary layer
or through areal surface barrier, if existing, to the outer surface of
the ion-exchange particle. Film diffusion depends mainly on par-
ticle size, solution concentration, film thickness and the effective
film-diffusion coefficient of theions. Inwell-stirred conditions, the
film diffusion coefficient is of the order of magnitude of 10°
cm?/s (Cherry, 1987). The film diffusion layer is a mathematical
expression which depends on temperature, turbulence, and viscos-
ity.

Pore diffusion relates to the ion diffusion rate within the
exchange matrix. It isinversely proportional to the particle radius
and directly proportional to the concentration of the fixed charges
and the particle-diffusion coefficient, which depends on the
intracrystalline structure of the zeolite.

In zeolites, pore diffusion is usually the rate-controlling step
with reported values between 5x 107 and 10° cm¥sfor Na', Cs',
Sr#* and Ce* and 4.2 x 107 or 6.8 x 10® cm¥s for ammonia,
depending on particle size (Dyer, 1988; Ames, 1965; Neveu et al,
1985). Film diffusionistherate-controlling stepin zeolitesonly at
very low external cation concentrations (Dyer, 1988).

Transport of cations in biofilms
Cation diffusion coefficient in biofilms, with biofilm thickness

ranging from a few microns to several hundred microns, varies
from 20% to 95% of their corresponding valuein water, i.e. of the
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order of magnitude of 10° cm?/s (Arvin and Kristensen, 1982;
Wiliamson and McCarty, 1976; Characklis, 1990). The diffusion
coefficient for ammoniain biofilmwasfound tobe80% of itsvalue
in water, about 1.3 x 10-°°cm?/s (Wiliamson and McCarty, 1976).
Thesevaluesare of the same order of magnitude asthose of typical
filmdiffusioninstirred conditions. Themuch higher diffusionrates
of the cationsin biofilms, as compared to their pore diffusion rates
(adifference of two to four orders of magnitude) indicate that the
cations’ transport rate through biofilm-covered ion-exchange par-
ticles should not affect the total ion-exchange process rate.

Materials and methods
Reactors

Columns with aworking volume of 9.0 £ (8.3 cm diameter) filled
with 2000 g chabazite zeolite were operated continuously for
several monthsin aternate phases: 3 hin theion-exchange mode,
and 3 hinthe bioregeneration mode. Biofilm concentration varied
between 2.0 and 8.5 mg protein/g chabazite, which correspondsto
about 2.0 and 8.5 gV SS/t reactor. This variability was induced by
changing the operating conditions (air vs. oxygen, loading rate).

Short-time continuous experiments which included break-
through and ‘interruption test’ experimentswere carried out in the
reactors described above, by stopping the two-phase operation
regimeand conducting the specific experiment. Batch experiments
were carried out in stirred 1 ¢ Erlenmeyer flasks containing either
virgin or biofilm-covered chabazite particles originating from the
continuous reactors.

Batch experiment procedures

I on-exchangekinetics: Particleseither virgin or biofilm-covered,
were stirred in 250 mg/¢ ammonium solution for a given time. At
the end of that time the chabazite was taken out, washed with
distilled water and regenerated in a 20 000 mg/¢ Na* solution.
Ammonium concentrationinthesol ution after 24 h of regeneration
was measured. This procedure was repeated for 6 different reten-
tiontimes: 10, 30, 60, 120, 240, and 420 or 600 min. Thistwo-stage
procedurewasfoundtogivebetter resultsthanthoseobtainedinthe
one-stage procedure due to minimisation of counter-ion competi-
tion and higher NH," measurement accuracy.

Total capacity: Either virginor biofilm-covered chabazite samples
werestirred ina250 mg/¢ NH,*-N solution for 24 h. The ammonia
adsorbed during this period was then regenerated with a 20 000
mg/¢ Na* solution for 24 h.

Breakthrough experiment procedures

Ammonium breakthrough experimentsat different retention times
were carried out on both virgin chabazite and biofilm-covered
chabazite, with biofilm concentrations of 3.4, 6.6 and 8.4 mg
protein/g chabazite (between 3.4 and 8.4 gVSS/t - conversion
based on chabazite packing density of approximately 500 g/¢ and
assuming 50% proteins of the total dry cell mass). The chabazite
bed was chemically regenerated before each experiment using a
20000 mg/¢ NaCl solution (8 000 mg/¢ as Na').This concentration
was high enough to replace all other cations adsorbed to the
chabazite in the continuous experiments. Higher concentrations
were found to adversely affect the bacteria (Semmens and Porter,
1979).
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Interruption tests

Interruptiontestswereusedtoidentify therate-limiting step- either
film or pore diffusion (Kressman and Kitchener, 1949). Experi-
mentswere carried out in a100 m¢ reactor filled with 60 g of either
virgin chabazite or biofilm-covered chabazite (retention time =
90 s). For each chabazite sample two breakthrough tests were
carried out: one continuous and the other with two ‘interruptions’.
Duringtheinterruption period, thechabazitewasremoved fromthe
solution for 2 h.

Therateof diffusionafter thechabazitecolumnisputin contact
with the solution after the ‘interruption’ should not be affected if
film diffusion is the rate-controlling step. However, if pore diffu-
sion is the rate-controlling step, the pause gives time to the
concentrationgradientsinsidetheporestolevel out. Thiswill result
inhigher adsorptionrateafter the‘interruption’ ascomparedtothat
prior to the interruption.

Feed solution
TaBLE 1
SIMULATED EFFLUENT SOLUTION UsED IN
THE EXPERIMENTS

Simulated effluent
with atypica Is

raeli sewagecation

composition was Cation Concentration
usedintheadsorp-

tion experiments. Na* (NaCl) 210-220 mg/t
Thecationcompo- Ca™ (CaCl,.2H,0) 60 mg/¢

sition is given in K* (KCI) 25 mg/¢
Tablel (parenthe- Mg™ (MgCl..6H,0) | 30 mg/t
sesindicatethesalt NH,-N (NH,CI) 40 mg/¢

which was used).

Specification of the chabazite

The zeolite used in al the experiments was a natural Herschelik-
Sodium Chabazite (CABSORB-ZS500H) - Chabazite- distributed
by GSA Resources Inc., Arizona, USA.

Chabazite specifications

lon-exchange capacity: 2.8 meg/g
Packing density (dry): 0.58 g/cm®
Pore space ratio: 0.37
Surface area: 521 m?g
Solid density: 1.73 g/lcm?

The chabazite was conditioned before use by alternating cycles of
high concentrations of sodium and ammonium.

Analyses

NH,* concentrationwasdetermined by the Phenate method (Stand-
ard Methods, 1992). Na* concentration was determined by ICP.
Thebiomassconcentrationwasmeasured by proteindetermination
(Bradford, 1976).

Results and discussion

The effect of the biofilm on the ion-exchange rate and
on total ion-exchange capacity

Batch experiments

Batch experiments were conducted on virgin chabazite and on
chabazite covered with biofilm with a concentration of 8.4 mg
protein/g chabazite (taken fromareactor operated for threemonths).
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Adsorption kinetics of virgin and biofilm-covered chabazite
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Figure 4
Breakthrough curve with retention time of 60 s
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This biomass concentration was the highest concentration estab-
lished during this research project. The ion-exchange kinetics of
bothvirginandbiofilm-covered chabazitesareshowninFig. 2. The
virgin chabazite showed a higher ion-exchange rate and reached
approximately 93% (2.6 meg/g) of the equilibrium value after 120
min, whilefor thesameperiod of timethebiofilm-covered chabazite
reached only about 70% (2.0 meg/g) of the equilibrium value. No
significant difference between thetotal equilibrium capacity of the
virgin chabazite and the biofilm-covered chabazite was found
(both reached about 2.6 meg/g after 600 min).

Continuous experiments

Several adsorption experiments were conducted to compare be-
tween breakthrough curves of virgin chabazite and chabazite
covered with various concentrations of biofilm.

Results for the virgin chabazite are given in Fig. 3. The
breakthrough experiments were carried out at different retention
times: 40, 60, 120, and 180 s.

An ammonium concentration of 4.0 mg/¢ in the effluent was
adopted in all experiments as the breakthrough point.

As can be seen from Fig. 3, the minimal retention time for
efficient ion exchangeis approximately 2.0 min. Shorter retention
timesresulted in early breakthrough while longer retention times
were not significantly advantageous.

Results of ammonium breakthrough experiments for biofilm
covered chabazite at different retention times (60 sand 120 s) and
different biofilm concentrations are given in Figs. 4 and 5.

The results of 60 s retention time experiments showed that
breskthrough occurred after 150 BV in the virgin chabazite,
100 BV in the chabazite covered with 3.4 and 6.6 mg protein/g
chabaziteand 60 BV in the chabazite covered with 8.4 mg protein/
g chabazite. The results of the 120 s retention time experiments
showed that breakthrough occurred after 220 BV in the virgin
chabazite, 180 BV in the case of chabazite covered with 6.6 mg
protein/g chabazite and 150 BV in the case of chabazite covered
with 8.4 mg protein/g chabazite.

Since the batch experiments to determine ion-exchange total
capacity indicated that the presence of the biofilm had not changed
thetotal capacity, it was assumed that the deterioration of theion-
exchange rate was of a kinetic origin. However, in order to

18

16 + p
14+

12 +

(NHa-N)out (mg/l)

0 50 100 150 200 250 300

Bed Volumes

—e—\irgin chabazite
—a— 8.4 mg protein/g chabazite

—m— 6.6 mg protein/g chabazite

Figure 5
Breakthrough curve with retention time of 120 s
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eliminate the possibility that the deterioration was due to loss in
capacity, another set of batch experimentsto compare between the
total capacity of the virgin chabazite and the biofilm-covered
chabazite, was carried out. The results (Table 2) showed no
significant difference between covered and exposed chabazite.

Results of the first stage of experimentsindicated a deteriora-
tion in ion-exchange rate in the biofilm-covered chabazite. This
rate reduction was more significant for short retention times and
high biomass concentrationsthan for longer retention times and/or
low biomassconcentrations. Another conclusionisthat thechabazite
does not lose its adsorption capacity as a result of the biofilm
coverage. If the chabazite isleft for enough timeto reach equilib-
rium, full capacity is eventually reached.

The ion-exchange rate-controlling step: With and
without biofilm

Rate control by either pore or film diffusion can be distinguished
either experimentally or mathematically.

Mathematically
The rate-controlling step can be predicted by the following equa-
tion (Helfferich, 1962):

(2) XDd (5+ 20 Q) <<1 porediffusion control
CDr,
@ X D5 (5+ 20 g) >>1 film diffusion control
CDr,
where:
X = concentration of fixedionicgroups(1.4 eg/¢ chabazite)
C = concentration of solution (approximately 18 meg/¢
typical concentration of Isragli secondary effluent)
D = porediffusion coefficient ( 10® cm?/s)
D = filmdiffusion coefficient ( 10° cm?s)
r, = mean bead radius (0.15 cm)
6 = filmthickness(10°cm)
a4 = separation factor (3.4 = separation factor NH," - Na)

Substituting thenumerical valuesintheeguation yieldsthefollow-
ing:

(3) (14,,x10° . x10° )/(18x10°_,10° . x0.15_ )

cm2/sec cm2/sec

x (5+2*3.4) = 6.2 x 10%<<1

Thisresultindicatesthatinanion-exchangeprocessusing chabazite
and typical simulativelsraeli secondary effluent, porediffusionis
the rate-controlling step.

Experimental interruption tests

Resultsfor thebreakthrough curvesof thevirgin chabazitewithand
without ‘interruptions’ are shown in Fig. 6. The results show that
the ‘interruptions’ (one after 3.5 h and another after 5.5 h) in the
virgin chabazite werefollowed by animmediate higher adsorption
rate (lower NH,*-N concentrations in the outflow). The non-
interrupted chabazite breakthrough curve did not show the same
phenomenon. Theseresultsindicatethat ‘ porediffusion’ istherate-
limiting step for virgin chabazite.

Interruption test was also applied to the biofilm-covered
chabazite (biofilm concentration: 8.4 mg protein/g chabazite) and
the results are shown in Fig. 7. No evidence of change in the
breakthrough curve asaresult of the ‘interruptions’ (after 2.5 and
4 h) in the adsorption was observed, and the breakthrough curves
withandwithout ‘interruptions’ werepractically identical, indicat-
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TABLE 2
loN-EXCHANGE CAPACITY OF VIRGIN AND BIOFILM-COVERED
CHABAZITE

Resin type Chabazite capacity

(meq/g chabazite)

Virgin chabazite 2.78
Chabazite with 3.4 mg protein/g chabazite 2.66
Chabazite with 8.3 mg protein/g chabazite 2.70

20
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? 16 +
= 14+
o 12 +
< 10 &
s 8-
z 67
I 4
< 2+ ptions
0 f f f f
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Figure 6
Interruption test for virgin chabazite
25
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E
£ 15+
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T .
£ 10+ Interruptions
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0 i : : :

Time (hr)

‘—‘—With interruption ---#---without interruption

Figure 7
Interruption test for biofilm-covered chabazite

ing that ‘film diffusion’ is the rate-controlling step for chabazite-
covered biofilm.

Theresultsindicatethat theion-exchangerate-controlling step
was shifted from pore diffusion in the virgin chabazite, to film
diffusion in the biofilm-covered chabazite.

Surface barrier as a possible explanation to the shift
in the rate-controlling mechanism

Diffusion in ion exchangers can sometimes be influenced by the

presence of surface barrierswhich add resistance to ion transport.
Such surface barriers can either cover the external area of the
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A comparison between biofilm-covered chabazite kinetics after
conditioning in pH = 7.5 and pH = 4.2

particlecompletely, or cover itinapatchy manner, thusdecreasing
theareaavailablefor thefreetransportation of ions. In these cases,
it is possible that the rate-limiting step would be changed from
‘pore diffusion’ to ‘film diffusion’. These surface barriers could
either beapart of the biofilm or aseparate layer. The formation of
such a layer which acts as a surface barrier can result from
deposition of organic molecules on theion-exchanger particles, or
from precipitation of inorganic salts (iron oxides, calcium carbon-
ate, magnesium hydroxide and other precipitates). The formation
of inorganic precipitate is less probable at the low pH conditions
prevalent during the bioregeneration phase, dueto therelease of H*
ionsduring nitrification. In order to prove this point, batch experi-
mentsat |low pH were conducted. A biofilm-covered chabazitewas
immersed in apH = 4.2 solution for 8 d and subsequently a batch
kinetic test was conducted. At conditions of such alow pH, with
sufficient time to reach equilibrium, mineral precipitates, if they
exist, should dissolve.

Figure 8 showstheresultsof thistest. No significant changein
ammonium adsorption rateduetolower pH conditionsand mineral
dissolution (pH = 4.2 vs. pH = 7.5) was observed. These results
indicate that the deterioration in the ion-exchange rate was not
caused by mineral deposition.

Organic fouling dueto oil, grease, fats and proteins aswell as
adsorption of largeorgani cionsoriginating from decaying biomass
isawell-known phenomenon. However, thisismoretypical inthe
case of strong base anion exchangers and much lessin the case of
cation exchangers (Pelosi and McCarthy, 1982). Since the ob-
served decrease in ion-exchange kinetics occurred even when the
reactor was fed with simulated effluent (tap water + ions), organic
fouling caused by oil or grease can be excluded. Fouling due to
organic material originating from biological cellular material, i.e.
polysaccharidesor glycoproteins, which arethemajor constituents
of the biofilm matrix, ismorelikely to occur in our case. Indeed, a
gradual decrease in diffusion coefficient with biofilm depth to-
gether with a corresponding increase in biofilm density was re-
ported by several authors (Bishop et al., 1995; Zhang and Bishop,
1994). However, this reported decrease is only up to one order of
magnitude, therefore, not sufficient to explain the shift from pore
tofilm diffusion (difference of about 3 orders of magnitude). This
contradiction might be explained by the methods used in these
studies which were on amicron scale, thus unable to discriminate
very thin layers adjacent to the carrier, which usually are of no
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interest. Y et, in the unique case where the carrier actively partici-
pates in the process (ion exchanger), this thin layer could be the
reason for the deterioration in the exchange kinetics observed.
Therefore, it can be hypothesised that the part of the biofilm
adjacent to the zeolite (perhaps several nanometres thick) has a
much higher density than the rest of the biofilm, with the accom-
panying very low diffusion coefficient that could becometherate-
limiting factor for theion-exchange process, and the cause for the
reductionintheion-exchangerateinthebiofilm-covered chabazite.

Summary and conclusions

A new concept for ammonia removal from secondary effluent
using ion exchange (chabazite) and bioregeneration was devel-
oped. This paper reportsthe effects of biofilm coverageon zeolites
onion-exchange capacity and kinetics. Themajor conclusionsare:

¢ lon-exchangebreskthrough curvesof biofilm-covered chabazite
showed deterioration in comparison to virgin chabazite (a
maximal drop of approximately 30% in the time to bresk-
through with retention time of 120 s). This phenomenon was
observed when the reactor was fed either with simulated
effluentsor with actual effluents. Thedeterioration wasgreater
with higher biofilm concentrations. The total ion-exchange
capacity of the chabazite was not affected by the biofilm
coverage. The results indicate that the deterioration in the
breakthrough curves is due to a change in the ion-exchange
kinetics.

e Batch kinetic experiments showed reduction in the ion-
exchange rate in biofilm-covered chabazite as compared to
virgin chabazite (adrop of 25% in the amount adsorbed after
120 min).

e Results from ‘Interruption Test' experiments conducted to
identify the ion-exchange rate-controlling mechanisms indi-
cate that the rate-controlling step shifted from pore diffusion,
inthevirgin chabazite, tofilm diffusion in thebiofilm-covered
chabazite.

e The batch experiment at low pH indicated that chemical
precipitation was not the cause for the ion-exchange rate
reduction.

Based on the reduction in theion-exchange rate and the changein
therate-controlling step from porediffusioninthevirgin chabazite
to film diffusion in the biofilm-covered chabazite, a possible
conjectureisthat the biofilmisthemajor factor responsiblefor the
deterioration in the ion-exchange rate. However, reported values
for thediffusion coefficient of NH,* inside biofilmsareof thesame
order of magnitude as diffusion coefficients of NH,* in water and
3 to 4 orders of magnitude greater than typical pore diffusion
coefficient in zeolites. Based on those, the biofilm covering the
chabazite is not supposed to affect the ion-exchange rate.

This apparent contradiction can be resolved when considering
the reported values for biofilm diffusion coefficients as averaged
valueswhich do not represent the true conditionsin theimmediate
vicinity of the carrier. Several authors report a decrease in the
diffusion coefficient accompanied with an increase in the biofilm
density in the inner layers of the biofilm. Therefore, it can be
hypothesised that the part of the biofilm adjacent to the zeolite
(perhaps several nanometresthick) hasamuch higher density than
the rest of the biofilm, thus resulting in a much lower observed
diffusion coefficient that could become the limiting factor for the
ion-exchange process and the cause for the reduction in the ion-
exchange rate in the biofilm-covered chabazite.
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