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ARTICLE INFO ABSTRACT

Keywords: Biological activated carbon (BAC) filtration is an important treatment step in the production of drinking water
Activated carbon especially if drinking water is produced from surface water. The performance and processes within a BAC filter
Biodegradation have been of interest for researchers since the 1980’s, mainly because of its ability to remove natural organic

Biomass activity
Intact cells
Nutrient limitation
Stable operation

matter known as disinfection precursors. A malfunction of one of the pre-treatment steps might affect the feed
water quality into the BAC filters. The main objective of this study was to determine the immediate response of
the BAC filters to a rapid change in feed water quality. It was shown that with the studied setup it was possible to
compare the effect of different pre-treatment steps and subsequent different water qualities on the performance
of the BAC filters on the long term adaptation. However, especially the immediate response was not studied in
detail before. All filters were able to mitigate a sudden change in feed water quality, either through improved
adsorption or increased activity of the biomass on the filter. As a result of this resilience against sudden changes,
it is therefore concluded that there is no direct need for very stringent on-line monitoring and continuous ad-
justments of the feed water quality of the BAC filters. The addition of phosphate resulted in the lowest dissolved
organic carbon (DOC) concentration in the effluent of the BAC filters. In this study the influence of intact cells in
the feed water on the performance of the BAC filters was shown to be limited.

1. Introduction

Granular activated carbon (GAC) filters in drinking water treatment
are used for the removal of organic compounds such as organic micro-
pollutants, organic matter causing color, taste and odor and precursors
for disinfection by-products [1]. Removal of these organic compounds
takes place by means of adsorption. The presence of natural organic
matter (NOM) in the water can have a negative impact on the organic
micro-pollutant removal due to pore blocking and competition [2,3].
When GAC filters are preceded by an oxidation step, the large organic
molecules are converted into low molecular weight molecules enhan-
cing the biological activity in the water and on the GAC grains. This
turns the GAC filters into biological activated carbon (BAC) filters [4,5],
where simultaneous removal of NOM by adsorption and biodegradation
takes place. This has a positive effect on the required regeneration
frequency, due to less pore blocking by NOM, and typically makes BAC
filtration more (cost) effective than GAC filtration [4]. The drawback of
converting NOM into biodegradable NOM is the negative effect this has
on the biological stability of the drinking water [6]. A balance exists
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between the amount of biodegradable NOM that is produced during
oxidation and the amount that can be biodegraded in the BAC filters
[7].

Biodegradation of NOM takes place via micro-organisms (biomass)
that grow on the external surface and in the macro-pores of the BAC
filter grains [8]. The biomass activity determines the degradation rate
of NOM [9]. Persson et al. [10] described that the activity and con-
centration of biomass depends on the concentration of nutrients, intact
cell concentration in the feed water and predation. In 2006, Van der Aa
et al. set up a computer model to describe the simultaneous adsorption
and biodegradation of NOM in BAC filters. From this model it was
concluded that, in addition to substrate concentration and predation,
maintenance, attachment/detachment and transport of bacteria could
not be neglected when determining the biomass development. This is in
line with what Uhl and Gimbel [11] found, indicating the need for
deposition of bacterial cells from the influent to maintain a solid bio-
film. On the other hand Simpson [12] described that efficient substrate
removal took place even when the number of bacterial cells in the in-
fluent was low. Recently, Liao et al. [13] found that nutrients play a
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Fig. 1. Schematic overview of pilot plant BAC filters.

more important role than bacterial cells in the development of biomass
density. However, when the nutrient conditions are similar, the biomass
in the influent becomes the determining factor.

Due to the complexity of the measurements to determine bacterial
cells and biomass activity, there has been a lack of available datasets
representing the biomass development over a long period of time and
over the height of the filter bed [14]. In 2005, Hammes and Egli [15]
published a method for the determination of intact cell concentrations
in water with flow cytometry. It was shown that this technique was a
rapid, easy and sensitive method to determine concentrations of intact
cells in water [16]. By combining flow cytometry data with adenosine
tri-phoshate (ATP) measurements it was possible to describe the initial
colonization and development of biomass [14]. Furthermore it was
investigated if a correlation existed between biomass growth and the
assimilable organic carbon (AOC) concentration. AOC represents the
readily available carbon for cell growth. No correlation was found be-
tween the AOC concentration and biomass growth.

677

Micro-organisms require carbon (C), nitrogen (N) and phosphorus
(P) as main nutrients. Van der Kooij et al. [17] established that the
typical ratio of C:N:P is 100:10:1. Therefore it is often assumed that
biodegradable organic matter is the growth limiting nutrient for NOM
reducing bacteria. However, in some cases it was found that microbial
growth in drinking water was limited by phosphorus [18-21] or ni-
trogen [13] instead of carbon. Dhawan et al. [22] investigated the in-
fluence of nutrient supplementation on DOC removal by BAC filters by
testing different types of ratios. Increased nutrient concentrations be-
yond the typical ratio of 100:10:1, resulted in increased removal of
DOC. In addition to DOC removal, the effect of increased nutrient
concentrations on biomass development was determined by means of
phospholipid and ATP analysis. In this case no correlation could be
found between the DOC removal and the biomass measurements ap-
plied.

Although researchers have tried to find correlations between bio-
mass development and the observed biodegradation in the BAC filters
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under varying operating conditions, no clear correlations have been
found [14,22]. This underlines the complexity of the processes taking
place in the BAC filters. BAC filters are frequently used in the produc-
tion of drinking water for the removal of organic micro pollutants and
organic matter, especially when produced from (humic rich) surface
water. Differences in feed water quality are the result of pre-treatment
steps (coagulation/flocculation, ozonation and phosphate addition),
commonly applied in the production of drinking water. These long term
effects of changes in feed water quality were investigated and compared
to previously published research. However, to the best of our knowl-
edge, the immediate responses of BAC filters, which have been in op-
eration for multiple years, to rapid changes in feed water quality have
not been studied previously. A malfunction of one of the pre-treatment
steps might affect the feed water quality into the BAC filters, therefore
being representative for possible events taking place in common
drinking water treatment trains. Investigating the immediate responses
of BAC filters to changes in water quality is an important step towards
understanding the ability of BAC filters to produce a stable drinking
water quality under varying conditions and was the main objective of
the presented study.

2. Materials & methods
2.1. Pilot plant set-up and operation

The experiments were carried out at the pilot plant of Waternet, the
water-cycle company of Amsterdam and surrounding areas, location
Weesperkarspel (the Netherlands). The pilot plant was fed with humic
rich surface water (average DOC concentration of 9.2 mg-C/L), pre-
treated by coagulation/sedimentation, followed by 100 days retention
in a reservoir and subsequently filtered over rapid sand filters. The pilot
plant includes all treatment processes of the full-scale plant, consisting
of ozonation, pellet softening, BAC filtration and slow sand filtration as
final disinfection step.

Four BAC filters with a surface area of 0.43 m?, bed height of 3.2 m,
filtration velocity of 4 m/h and an empty bed contact time (EBCT) of
48 min, were operated at the pilot plant. Before the experiment started,
the pilot plant was operating at the same setpoints as the full-scale
plant. The filters were fed with pre-ozonated (0.42mg-O3/L)/(mg-
DOC/L) and softened water, resulting in a feed water quality with an
average DOC concentration of about 5.5mg-C/L and an AOC con-
centration of about 60 ug-C/L. The activated carbon (type: Norit GAC
830P) was taken from the full scale plant and had been in service for
5 years in the pilot plant to minimize the effect of adsorption during the
experiments. Adsorption processes were neglected to represent the
worst case scenario from an operating point of view. The BAC filters are
supposed to be less robust if only biodegradation processes are con-
sidered, than if both biodegradation and adsorption takes place.

At the start of the experiment (day 1), the feed water quality to BAC
1, 2 and 3 was changed (see Fig. 1), while the feed water quality of BAC
4 remained unchanged. BAC 4 served as a reference filter containing a
moderate concentration of bacterial cells due to bacterial growth in the
softening step, and high biodegradable NOM concentration, measured
as AOC. BAC 1 was fed with pre-treated water only (coagulation/se-
dimentation followed by rapid sand filtration). This resulted in high
intact cell concentrations and a low AOC concentration. BAC 2 received
ozonated water directly, resulting in the highest AOC concentration and
low concentration of intact cells. BAC 3 was fed with water similar to
the original situation (moderate concentration of intact cells and AOC)
with added phosphate in the form of phosphoric acid (approximately
50 pg-P/L) to promote bacterial growth in the BAC filter. Phosphate was
added to be able to investigate the effect of coagulation/sedimentation
on biological activity in the filter bed.
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2.2. Sampling and water quality analysis

Water samples were taken from the influent and effluent of the four
filters. The natural organic matter, dissolved in water, was determined
by measuring the DOC concentration. The DOC, pH and phosphate
concentration were analyzed according to the Standard Methods [23].
The readily available carbon for cell growth was determined by mea-
suring the AOC concentration. AOC was measured in duplicate, ap-
plying the simultaneous incubation of the strains P17 and NOX as de-
scribed by Van der Kooij and Hijnen [24].

Vital et al. [25] showed that flow cytometry for measuring cell
concentrations and ATP analysis were able to describe major bacter-
iological changes in the Weesperkaspel full scale treatment plant. In this
study similar methods were used, with intact cell concentration being
determined by fluorescent staining and flow cytometry as described by
Hammes et al. [16]. The total ATP was determined using the BacTiter-
Glo™ reagent (Promega Corporation, Madison, WI, USA) and a lu-
minometer (Glomax, Turner Biosystems, Sunnyvale, CA, USA) as de-
scribed by Hammes et al. [26]. The data were collected as relative light
units and converted to ATP by means of a calibration curve made with a
known ATP standard (Promega). Free ATP was determined by filtering
the sample through a 0.1 um sterile syringe filter (Millex®-GP, Milli-
pore, Billerica, MA, USA), followed by analysis described above. The
cell-bound ATP was calculated by subtracting the free ATP from the
total ATP. The intact cell concentration and cell bound ATP enabled the
calculation of the ATP-per-cell concentration, as expressed in Eq. (2).

Activated carbon samples were taken from 0.1 m and 1.6 m below
the top of the filter bed, corresponding with an EBCT of 1 and 22 min,
respectively. The biomass activity of the carbon samples was de-
termined by ATP on carbon according to the method described by
Magic-Knezev and van der Kooij [27].

2.3. Calculations and statistics

To compare the microbiological activity between the four BAC fil-
ters, the overall ATP concentration in the filters was determined as
described by Velten et al. [14]. Each filter was partitioned into two
parts. The line of demarcation was in the middle of the two sampling
points. In line with Velten et al. [14] it was assumed that the measured
ATP on carbon at the sampling points represented the average ATP
concentration on carbon for the segment. This resulted in the following
equation for the determination of ATP in filters:

ATPsegmentl = A'hlayerl 'ATR)nicarboniEBCTil min "PNoritGAC830P

ATPsegmentZ = A'hlayerz'ATR)nfcarborLEBCTiu min "PNoritGACS30P
ATPByeran = ATPsegmeml + ATPsegmentz (@D)]
where A represents the surface area in m?, hiayer1 represents the height
of layer 1 in m, ATP,, carbon EBCT 1min T€PTEsents the ATP concentration
on carbon at an EBCT of 1 min in (g ATP/g carbon) and poricgacssor
represents the density of Norit GAC830P carbon in g/m?>.

The ATP-per-cell was determined by Eq. (2) [28]:

Cell — bound_ATP x 10~°
Intact _cells x 103

ATP — per — cell =
P @

where Cell-bound ATP is expressed in ng/L, the Intact cells is expressed
in cells/mL. The ATP-per-cell is expressed in g ATP/cell.

The Mann-Whitney U test (ranksum), a nonparametric test fit in
Matlab [29] to test skewed datasets (not normally distributed), was
used to evaluate statistically if the influent and effluent water qualities
of the BAC filters were significantly different. The statistical difference
is expressed by the p-value, where values smaller than 0.05 indicate a
significant difference with a confidence interval of 95%. For average
values the standard deviation was displayed as well as the number of
samples (n) based on which the average was determined.
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2.4. Immediate response and long term adaptation

The sampling frequency at the beginning of the experiment was
high and taken at day 1, 5, 8 and 13 after switching to the different pre-
treatment steps. To determine the effects of the change in pre-treatment
on the long term adaptation of the biomass and the biodegradation
efficiency, the filters were sampled once every four weeks for a period
of 436 days.

3. Results
3.1. Differences in influent quality

Comparison of the influent qualities of BAC 1 and BAC 4 showed the
effect of additional treatment steps versus direct treatment of pre-
treated surface water (Fig. 1). The pre-treated surface water contained
low AOC concentrations since most biodegradable organic matter had
been consumed during the long residence times in pre-treatment.
Without disinfection by ozonation the intact cell concentration in BAC 1
was high. The feed waters of BAC 1 and 4 were statistically different for
both intact cells and AOC (p-values of 0.005 and 0.003, respectively).
Comparison of BAC 2 and 4 showed the effect of a limited concentration
of intact cells (p-value of 0.02) in the feed water due to the addition of
ozone, and subsequent disinfection of bacterial cells. By applying
ozone, part of the organic matter was converted into biodegradable
organic matter, expressed by the increased AOC concentrations in the
influent of BAC 2 [30]. Biological growth, occurring in the pellet soft-
ening step, reduced the AOC concentration and increased the con-
centration of intact cells in the influent of BAC 3 and 4 [31]. No sig-
nificant statistical difference was observed between the AOC
concentrations in the feed of BAC 2, 3 and 4, although BAC 3 and 4
were preceded by the pellet softening step. The addition of phosphate to
the feed water of BAC 3 provided insight in possible limitation in
phosphate (p-value of 0.0002), when comparing BAC 3 with BAC 4.

3.2. Biomass development

The active biomass on the granular activated carbon grains was
measured at the start of the experiment at two different bed heights,
equivalent with an EBCT of 1 and 22 min. Based on these measurements
the total amount of ATP on the activated carbon in the filters was de-
termined using Eq. (1). At the start of the experiment the total ATP was
statistically similar for all four filters (Table 1), with p-values of 1.0, 0.1
and 0.3 when comparing the individual filters with BAC 4. The increase
in active biomass calculated for BAC 1 and BAC 4 (reference filter) was
limited compared to the increase in ATP measured for BAC 2 and 3.

The highest concentrations of active biomass were found in the top
of the filter and decreased with increasing depth (Table 2). Similar to
what was found by Urfer and Huck [32]. The measured active biomass
concentrations were in the same order of magnitude as found by Van
der Aa et al. [2], Velten et al. [14].

3.3. Intact cell concentration, cell-bound ATP and bacterial changes
A comparison was made between changes in intact cells, over the

Table 1

Total amount of ATP on activated carbon at the start of experiment (average of
three measurements) and end of experiment (average measurement based on
last three sampling days).

BAC1[g BAC2[g BAC3[g BAC4([g
ATP] ATP] ATP] ATP]
Start of experiment 0.24 0.33 0.24 0.24
End of steady state situation  0.28 0.60 0.72 0.33
Change in ATP concentration  0.03 0.27 0.48 0.09

Separation and Purification Technology 212 (2019) 676683

individual filters, immediately after start of the experiment (first three
days) and after reaching steady state (average of 8 samples taken during
the period of one year), see Table 3. In BAC 1 the removal percentage of
intact cells varied from 30% immediately after start to an average 23%
removal after reaching steady state. Similarly BAC 4 also showed a
small variation with 47% removal of intact cells the first three days
after start experiment while based on the yearly average 42% removal
was observed. The intact cell concentration in the effluent of BAC 2
showed an increase of 442% compared to the influent of BAC 2 in the
first three days after the start of the experiment, indicating a con-
siderable growth or detachment of bacteria. An increase in intact cells
was still observed in BAC 2 during the steady state situation, but only
with a percentage of 35%, still indicating growth or detachment of
bacteria [33]. BAC 3 also responded with a direct increase in intact cells
of 28% when changing the feed water quality whilst in the steady state
situation a decrease of 26% was observed over the filter.

In the steady state situation, the concentration of intact cells in the
feed water of BAC 1 was the highest, due to the absence of a disinfec-
tion step, with on average 3.5 x 10* ( = 1.7 x 10, n = 8) cells/mL,
being about two times higher than in the feed of BAC 4 (Fig. 2). The
cell-bound ATP concentration in the feed of BAC 1 was 50% higher,
thus resulting in lower ATP-per-cell concentrations. The intact cell
concentration in the effluent of BAC 1 decreased on average with 23%
compared to the influent, while the cell-bound ATP concentration de-
creased with 28%.

The intact cell concentration in the feed water of BAC 2 was the
lowest with on average 9.7 X 10% ( + 4.7 x 10%, n = 8) cells/mL, 43%
less than in the feed of BAC 4, as a result of the applied ozone step.
However, the cell-bound ATP concentration was similar to that of the
feed of BAC 4. This deviation in pattern between intact cell and cell-
bound ATP concentration during ozonation has also been observed by
Vital et al. [25].

The increased intact cell concentration in the influent of BAC 3 and
4 was the result of biological growth taking place in the pellet softening
step, as also observed by Hammes et al. [31] and Vital et al. [25]. The
concentration of intact cells in the influent of BAC 3 and 4 was similar
with 1.7 x 10* ( = 0.8 x 10%, n = 8) cells/mL. Both filters showed a
decrease in intact cells after filtration with 26% for BAC 3 and 42% of
BAC 4. The large variation in cell-bound ATP measurements also re-
sulted in the ATP-per-cell concentration to fluctuate a lot, making it
difficult to compare the results (data not shown).

3.4. Phosphate uptake

The phosphoric acid dosage upstream of BAC 3 resulted in sig-
nificant higher phosphate concentrations in the influent. At the start of
the experiment almost all phosphate dosed was taken up completely,
measured by the difference between influent and effluent concentra-
tion. After 5 days the uptake started to decrease gradually until a steady
state uptake of about 0.005 ( = 0.001, n = 5) mg-P/L was reached
(Fig. 3).

The ortho-phosphate concentration in the influent of BAC 3 showed
some variation with higher concentrations in the beginning of the ex-
periment. Measurements showed that the concentrations in the influent
of BAC 1, 2 and 4 were stable, and variations in BAC 3 was therefore the
result of variations in dosing, due to variances in the operation of the
dosing pump. Since the uptake was significantly lower than the mea-
sured influent concentrations it can be concluded that the fluctuations
in the dosing did not interfere with the intended setup of the experi-
ment.

3.5. Removal efficiency DOC
The non-ozonated water (BAC 1 feed) had the highest DOC con-

centration (6.0 = 0.1 mg/L, n = 8) and, consequently, also had a yel-
lowish color (Fig. 4a). The color was subsequently removed by
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Table 2

Separation and Purification Technology 212 (2019) 676683

ATP on carbon concentrations in steady state situation based on the average (and standard deviation) of the last three sampling days for different EBCTs.

BAC 1
g ATP/g carbon

BAC 2

g ATP/g carbon

BAC 3
g ATP/g carbon

BAC 4
g ATP/g carbon

EBCT 1 min 1.12 ( = 0.60) x 10™° 2.93(+1.87)x10°° 3.38 (£ 1.35) x 10°° 1.21 (+0.68) x 10~°
EBCT 22 min 0.20 ( + 0.03) x 10~°¢ 0.26 (£ 0.11) x 10~° 0.35 (+ 0.09) x 10~° 0.29 (+ 0.04) x 10~°
Table 3 two bacterial strains Pseudomonas fluorescens P17 and Spirillum spp.

Difference in intact cells measured in influent and effluent expressed in change
over the filter by subtracting the effluent concentration minus the influent
concentration divided by the influent concentration and multiplied with 100 to
obtain the percentage.

Immediate response [effluent —
influent] expressed in %

Steady state [effluent — influent]
expressed in %

BAC 1 -30 -23
BAC 2 +442 +35
BAC 3 +28 —26
BAC 4 —47 —42

treatment with ozone which slightly reduced (not significantly) the
DOC concentration and significantly increased the readily biodegrad-
able NOM concentration (expressed as AOC).

Direct feed of ozonated water (BAC 2) resulted, immediately after
the start of the experiment, in a lower DOC effluent concentration with
4.2 (£0.03, n=2) mg/L and higher removal percentage of 35%
versus 24% and 23% for BAC 3 and 4, respectively. After reaching
steady state, the removal percentages in BAC 2 were still the highest
with 24%, followed by BAC 3 with 22% and BAC 4 with 21% (Fig. 4b).
The lowest DOC concentrations was reached by BAC 3 with 4.5 ( = 0.2,
n = 8) mg-C/L (not significant with p-value of 0.1679) followed by BAC
4 with 4.7 ( £ 0.2, n = 8) and BAC 2 with 4.8 ( = 0.2, n = 8) mg-C/L
(not significant with p-value of 0.0891).

3.6. Bacterial growth potential produced water

The measured AOC concentration in the effluent was used as an
indicator of the bacterial growth potential of the water. No additional
source of nutrients were introduced when measuring the growth of the

6.0E+04

5.0E+04

4.0E+04

3.0E+04

2.0E+04

Intact cells [cells/mL]

1.0E+04

0.0E+00

NOX. Therefore it was assumed that the measured AOC concentration
represented the actual growth potential of the water instead of just
carbon limitation [34]. Thus, the lower the AOC concentration the
lower the bacterial growth potential. The effluent from BAC 1 had, in
steady state, the lowest AOC concentration. The application of a dis-
infection step for the treatment of surface water before BAC filtration,
has shown to be beneficial with respect to regrowth potential and
control of disinfection by-products, such as chlorinated hydrocarbons
[4]. Because of this, BAC 1 was not discussed in further detail when
evaluating the growth potential.

The influent AOC concentration of BAC 2 showed the highest
variability in the measurement, caused by seasonal variation of the
influent quality and subsequent influence of ozone on production of
biodegradable organic matter (Fig. 5a). The influent AOC concentration
of BAC 3 and 4 showed less seasonal influences as a result of the pellet
softening step between the ozone and BAC filters, levelling out the
differences. The AOC concentration in the feed water of BAC 2 was the
highest followed by BAC 3 and 4. The difference observed between the
AOC concentration in BAC 3 and 4 is explained by the addition of
phosphate and the AOC measurement representing the growth potential
instead of just the carbon growth potential, indicating phosphate lim-
itation of the water [34].

When comparing the AOC concentration of the produced water
from BAC 2, 3 and 4, BAC 2 resulted in the lowest AOC concentration
for both the immediate response (17 ug-C/L) as well as the steady state
situation (36 * 6 ug-C/L, n = 4). With the highest AOC concentration,
on average 74 ( = 24, n = 4) pg-C/L, in the influent of BAC 2, this also
resulted in the highest removal percentage of 51% (Fig. 5b). Statistical
analysis showed that the removal percentages were not significantly
different. The immediate response of BAC 3 resulted in a higher AOC
concentration in the effluent than BAC 4, while the steady state

24
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Intact cells effluent
20
A Cell-bound ATP influent
@ Cell-bound ATP effluent -
16 33
=
o
12 I
[=4
-
A =
8 3
o
l 4
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BAC filters

Fig. 2. Steady state (average of 8 measurements, covering a one year timeframe) intact cell concentration (left axis) and cell-bound ATP (right axis) measured in both

influent as effluent of the four BAC filters.
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Fig. 3. Measured ortho-phosphate concentration in influent of BAC3 and calculated uptake of ortho-phosphate based on the difference between influent and effluent.

consolidated with removal percentages similar to the reference situa-
tion (BAC 4). Even though the AOC concentrations and removal per-
centages were not statistically different, it was shown that sufficient
nutrients positively influence the performance of the BAC filters and
bacterial growth potential of the water.

4. Discussion
4.1. Long term effects of changes in treatment plant set-up

The ATP on carbon, intact cell concentration, cell-bound ATP and
ATP-per-cell concentration provided insight in the behavior of the fil-
ters and development of biomass. All filters showed an increase in ac-
tive biomass concentration until the steady state situation was reached
after 111 days. This was in line with the periods between 2 and
8 months that have been reported for the biomass to fully adapt to the
new feed water quality [8,2]. The highest concentrations of active
biomass were found in the top of the filter and decreased with

7 - Influent baseline
-.- Effluent baseline

Ml

2

DOC concentration [mg-C/L]
N w E=y w

iy

BAC filter

m Influent = Effluentimmediate response m Effluent steady state

increasing depth, similar to what was found by Urfer and Huck [32].
The measured active biomass concentrations were in the same order of
magnitude as found by Van der Aa et al. [2], Velten et al. [14].

The ATP-per-cell concentration is correlated with size and physio-
logical activity of the cells [26]. Lower ATP-per-cell concentrations
indicate the presence of smaller or less active cells in the feed of BAC 1
compared to the feed of BAC 4. The decrease in intact cells and cell-
bound ATP coincided with the limited growth of biomass found in BAC
1, measured through the ATP on carbon concentrations (Tables 1 and
2). Although the intact cell concentration in the feed water of BAC 2
was lower, during steady state, the intact cell concentration in the ef-
fluent of BAC 2 was 32% higher than in the effluent of BAC 4 (Fig. 4).
The increase in intact cell concentration showed a considerable growth
of bacteria in BAC 2. This was also reflected by the ATP on carbon
concentrations increasing in time in BAC 2 (Table 1). The increase in
ATP on carbon concentration in BAC 3 reflected biological growth, even
though the intact cell concentration decreased. For BAC 4 no direct
increase in ATP was expected since the filter had been operating under
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Fig. 4. (a) DOC concentration measured in influent and effluent for both the immediate response and steady state situation (left) and (b) removal percentage DOC per
filter for immediate response and steady state situation. The indicated baseline refers to the original situation (BAC 4) and is included for easy comparison.
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Fig. 5. (a) AOC concentration measured in influent and effluent for both the immediate response and steady state situation (left) and (b) removal percentage AOC per
filter for immediate response and steady state situation. The indicated baseline refers to the original situation (BAC 4) and is included for easy comparison.

similar conditions for 5 years. The observed increase might be the result
of the sampling period and subsequent seasonal fluctuations. Reactor
biomass and ATP on carbon measurements reported by Velten et al.
[14] also showed fluctuations occurring in the filter bed after reaching
steady state situation.

The highest DOC concentration of all filters was measured in the
effluent of BAC 1, which still contained a yellowish color. The water
quality of the effluent of BAC 1 showed the importance of a disinfection
pre-treatment step before BAC. The addition of phosphate to the in-
fluent of BAC 3 resulted on average, in an increased DOC removal. The
intact cell concentration in the feed water of both filters was similar,
indicating that a higher nutrient concentration resulted in a better
performance of the filter, also found by Dhawan et al. [22]. Juhna and
Rubulis [18] found similar results for possible phosphate limitation due
to pre-treatment with coagulation/flocculation. It would be interesting
to investigate if the addition of phosphate to BAC 2 would also have
enhanced the DOC removal. In general, the removal percentages found
for DOC were similar to the percentages found by Velten et al. [14],
even though the influent concentrations in this study were almost 5
times higher.

The effect of intact cell concentration was determined by comparing
BAC 2 with BAC 4. The feed water of BAC 2 contained 43% less intact
cells, whilst the AOC concentration, representing the bacterial growth
potential of the water, was only 9% higher than BAC 4. Contrary to
what Liao et al. [13] found, the intact cell concentration in the influent
had no determining factor in the performance of the BAC filters.

4.2. Phosphate dosing requirements

The phosphate uptake showed a gradual decrease until a steady
state was reached (Fig. 3). The high uptake in the beginning suggested
the adsorption of phosphate onto the activated carbon, as seen by
several researchers [35,36]. On the other hand, Momba and Cloete [37]
described that the uptake of phosphate in a wastewater treatment plant
and subsequent removal changes depending on growth state the bio-
mass was in. High phosphate uptake was found during the lag and
logarithmic growth phase and low phosphate uptake was found during
the stationary phase. Being able to understand the processes taking
place might help to understand and develop an optimized dosing
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scheme.

4.3. Immediate response to change in feed water quality

BAC 2 and 3 showed a different behavior in intact cells directly after
the start of the experiment and once steady state was reached. Both
filters showed an increase in intact cells in the effluent, whilst this ei-
ther reduced (BAC 2) or changed to a decrease in intact cells for the
steady state situation. In BAC 3 the nutrient balance in the feed water
changed by the addition of phosphate. In BAC 2 the significant increase
was likely caused by an increase in nutrient concentration (readily
available carbon) since the filter was directly fed with ozonated water
without any intermediate biological treatment step, in this case pellet
softening. The increased biodegradability of the organic matter in the
water resulted in an immediate response by the biomass, converting
more DOC for both filters. Interestingly the DOC concentration in the
effluent of BAC 1 also improved compared to BAC 4. Even though the
DOC concentration was the highest in BAC 1 feed water, the immediate
response, after start-up of the experiment, showed an increased removal
of DOC resulting in the lowest effluent concentration (Fig. 4a). The
application of ozone, prior to start experiment, had resulted in higher
concentration of DOC with polar groups within the organic molecules,
having reduced the adsorption capacity of DOC [38,39]. Thus, even
though the BAC filters were in operation for five years, switching the
feed water quality from ozonated to non-ozonated water probably re-
sulted in increased (non-polar) DOC adsorption.

The reaction of the biomass and improved adsorption resulted in an
improved effluent quality immediately after the water quality of the
feed water changed.

5. Conclusions

The main objective of this study was to determine the immediate
response of the BAC filters to a rapid change in feed water quality. First,
it was shown that with the studied setup it was possible to compare the
effects of different pre-treatment steps and subsequent different water
qualities on the performance of the BAC filters on the long term
adaptation. However, especially the immediate response of the BAC
filters on water quality changes was not studied in detail before. It was
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observed that all filters were able to mitigate a sudden change in feed
water quality, either through improved adsorption or increased activity
of the biomass on the filter media. As a result of this resilience against
sudden changes, it could therefore be concluded that there is no direct
need for very stringent on-line monitoring and continuous adjustments
of the feed water quality of the BAC filters.

The long term adaptation of the BAC filters confirmed the need for
sufficient nutrients (readily available carbon and phosphate) in the feed
water for optimal performance. The influence of intact cells was shown
to be limited. Interestingly the storage of phosphate in the BAC filters as
a result of adsorption or uptake by the biomass does not necessitate
continuous dosing of phosphoric acid. It is recommended to further
investigate the optimized dosing scheme.
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