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Abstract. Four pilot (biological) granular activated carbon ((B)GAC) filters were operated to quantify the
effects of ozonation and water temperature on the biodegradation of natural organic matter (NOM) in (B)GAC
filters. The removal of dissolved organic carbon (DOC), assimilable organic carbon (AOC) and oxygen and
the production of carbon dioxide were taken as indicators for NOM biodegradation. Ozonation stirnulated
DOC and AOC removal in the BGAC filters, but had no significaifé@ on oxygen consumption or carbon
dioxide production. The temperature had no significafeéat on DOC and AOC removal, while it had a
positive d@fect on oxygen consumption and carbon dioxide production. Multivariate linear regression was
used to quantify these relationships. In summer, the ratio between oxygen consumption and DOC removal
was approximately 2 times the theoretical maximum of 2.6 g0 and the ratio between carbon dioxide
production and DOC removal was approximately 1.5 times the theoretical maximum of 3,4g@CH The
production and loss of biomass, the degassing of (B)GAC filters, the decrease in the NOM reduction degree and
the temperaturefiects on NOM adsorption could only partly explain these excesses and the non-correlation
between DOC and AOC removal and oxygen consumption and carbon dioxide production. It was demaonstrated
that bioregeneration of NOM could explain the excesses and the non-correlation. Therefore, it was likely that
bioregeneration of NOM did occur in the (B)GAC pilot filters.

1 Introduction This enhances the growth of biomass in subsequent treat-

ment steps and results in biological granular activated carbon
The main reasons to use activated carbon (AC) in drink-(BGAC) filtration, also known as biological activated carbon
ing water treatment are for the removal of organic micro- filtration (Graveland, 1994; Jekel, 1979; Sontheimer et al.,
pollutants, for the removal of precursors for disinfection 1988). In BGAC filters, adsorption and biodegradation of
byproducts and for the removal of organic compounds causNOM occur simultaneously. Biomass grows on the exter-
ing color, taste and odor. Granular activated carbon (GAC)nal surface of the AC grains and in the macro-pores. Micro-
filtration is often preceded by a pre-oxidation step such agpores are too small for bacteria to enter (Labouyrie et al.,
ozonation. Pre-oxidation is used for disinfection, oxida- 1997, Walker and Weatherley, 1998). Adsorption of NOM
tion of micro-pollutants and the improvement of color, taste seriously hinders the adsorption of organic micro-pollutants
and odor (Kruithof and Maschelein, 1999). Another impor- due to pore blocking, competition and pre-loading (Carter
tant efect of pre-oxidation is that it increases the biodegrad-eét al., 1992; Carter and Weber, 1994; Knappe et al., 1997).
ability of natural organic matter (NOM) (Carlson and Amy, When some of the NOM is biodegraded, adsorption of or-
1997; Hammes et al., 2006; Rietveld et al., 2008; Siddiqui etganic micro-pollutants is less hindered. As a result BGAC
al., 1997; van der Kooij et al., 1989; Yavich et al., 2004). filtration is found to be morefEective than GAC filtration

for the removal of NOM (Graveland, 1994; Sontheimer et

al., 1988), atrazine (Orlandini, 1999), micro-cystines (Wang

Correspondence td:. T. J. vander Aa et al., 2007) and other organic micro-pollutants (van der
= (rene.van.der.aa@waternet.nl) Aa, 2011). If the biodegradable NOM, produced by the
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pre-oxidation, is not dticiently removed in subsequent treat- water. After approximately half a year of operation, the
ment steps, this will have a negative impact on the biostabil{B)GAC filters were assumed not to adsorb NOM any more.
ity of the treated water. In the Netherlands, drinking water The removal of DOC, AOC and oxygen and the produc-
is often distributed without any residual disinfectant. There-tion of carbon dioxide were taken as indicators for NOM
fore, much attention is given to biofilm formation and re- biodegradation. An additional objective was to determine
growth in the distribution system (Escobar et al., 2001; Ser-the correlation between these indicators.
vais et al., 2004; van der Kooij, 1992). In BGAC filters,
biomass has a large influence on the removal of biodegrady \1aterials and methods
able NOM and also, therefore, on biostability.

NOM consists of a mixture of compounds (Leenheer and2.1 \Weesperkarspel pilot plant: surface water

Crolg, 2003). Heterotrophic bacteria take up some of these
organic substances to build up cell material (assimilation)At Loenen — Weesperkarspel DWTP of Waternet, the wa-

and to oxidize it to generate energy for growth and main-t€" cycle company of Amsterdam and surrounding areas, the
tenance (dissimilation). During the biodegradation of NOM, 'aw water originates from seepage water fro'm the Bethune
heterotrophic bacteria consume oxygen and produce carboRlder, with a high concentration of humic substances
dioxide and water (van der Kooij et al., 1982b). Aerobic (Baghoth et al., 2008). The DOC concentration varies be-
biodegradation can be assessed by measuring oxygen cofyeen 8 and 10gCni and the water temperature between
sumption (Urfer and Huck, 2001) and carbon dioxide pro—3 and 2T C. This water is pre-treated in the full-scale plant
duction. Some of the NOM compounds are biodegraded eadVith coagulation, sedimentation, a reservoir with an average
ily, while others are hardly biodegraded at all. In natural "ésidence 'Fime of 100 days and rapid sand filtration. The pilot
waters used for drinking water production, NOM is usually Plant consisted of three ozone bubble columns plus contact
not easily biodegradable because bacteria already have cofb@mbers, followed by four identical gravity filters operated
sumed the easily biodegradable part. Pre-oxidation increasd§ down-flow mode. The influent waters of filters W-GACS,
the biodegradability of NOM, indicated by increased concen-W-BGACS, W-BGAC6 and W-BGACY received net ozone
trations of biodegradable dissolved organic carbon (BDOC) doses of 0, 0.5, 1.5 and 2.5¢ @, respectively. The fil-
easily assimilable organic carbon (AOC) and organic acids € medium in the (B)GAC filters was Norit GAC830, with
such as oxalate, formiate and acetate (Carlson and AmyR density of 45& 10°gACm®. The flow rates were kept
1997; Hammes et al., 2006; Siddiqui et al., 1997; van derconstant at 88x10*ms* and the EBCTs were 40 min.
Kooij et al., 1989; Yavich et al., 2004). AOC is typically less Figure 1 and Table 1 provide an overview of the pilot plant
than 10% of the BDOC in a water sample (Hammes et al.@nd its characteristics. During operation, the (B)GAC fil-
2006; van der Kooij et al., 1982a, 1989). It is assumed that inl€'S were backwashed with air and water every 4 to 20 days,
drinking water the carbon source is usually the limiting fac- dépending on filter bed resistance. The columns were moni-
tor for biodegradation by heterotrophic bacteria. However,tored twice per month on influentffient and over-the-bed
in some cases also phosphate limitation was reported (Juhrf3ight. The measured parameters were DOC, extinction of
and Rubulis, 2004). ultraviolet light at a wavelength of 254 nm, AOC, pH, oxy-
Biodegradation in (B)GAC filters increases with increased9€n and temperature.
water temperature and with empty bed contact time (EBCT).
Exhausted (B)GAC filters typically remove 10% to 35% of 2.2 Analytical methods
the NOM from the influent (Graham, 1999; Sontheimer et . .
al., 1988). However, extreme removal ratios were reportedO zone was analyzed according to the diethyl-p-

from practically no dissolved organic carbon (DOC) removal phenylene@ammg method .(G'Ibert’. 1981). A.OC was
(Juhna and Rubulis, 2004) to 65% removal (Jekel, 1979) measured in duplicate, applying the simultaneous incubation
Nowadays mar’1y drinking  water treatmer'n plaﬁts of strains P17 and NOX (van der Kooij et al., 1982b). For
(DWTPs) have installed (B)GAC filters. Because influent measurements Of. adenosine .tr|-phosphate (ATP) on AC
. . . the method described by Magic-Knezev and van der Kooij
water quality and operations vary, the need for dynamic

models for optimization of operational conditions has (2004) was used. Other water quality parameters were deter-
increased (van der Helm et al., 2008; Bosklopper et al mined according to standard procedures (Standard Methods,

2004). Because biodegradation of NOM is a key process ir);L 998). Carbon d.IOX'de was not analyzed, but calc_u I_ated
o . . . rom the carbonic equilibrium using pH, conductivity,
BGAC filtration, it should be incorporated in such models. . )
. . : temperature and bicarbonate concentration (van Schagen et
The objective of this study was to quantify thffeets of 1., 2008)
ozonation and water temperature on the biodegradation of '
NOM in (B)GAC filters. Because reported biodegradation
in (B)GAC filters varies a lot, this study was conducted
specifically for the Weesperkarspel pilot plant. One GAC
and three BGAC pilot filters were operated to treat surface
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Table 1. Characteristics and influent water qualities pilot plant Weesperkarpsel.

Column W-GAC8 W-BGAC5 W-BGAC6 W-BGAC7
Column diameter [m] 0.25 0.25 0.25 0.25

Bed height [m] 2.10 2.10 2.10 2.10

Carbon type [-] GACS830 GACS830 GACS830 GACS830
Operation time [s] 58@4-3600 60024-3600 559243600 58624-3600

Flow [m3s™] 4.3x10° 4.3x10° 4.3x10° 4.3x10°

Surface load [m3g] 8.7x10% 8.7x 10 8.7x 10 8.8x 10

EBCT [s] 4060 4060 4060 4060

Net ozone dose [ggn~%] - 0.5 1.5 25

Temp [C] 12.8(3.0-20.6)  12.2(3.6-20.6)  11.6(3.8-20.6) 11.6 (3.8-20.6)
pH [-] 7.7 (7.3-7.9) 7.7 (7.3-7.8) 7.7(7.1-7.8)  7.7(7.6-7.8)
DOC [gCnT3] 6.0 (5.0-6.9) 6.0 (5.2-7.6) 5.9(4.9-75)  5.8(4.9-6.7)
UV254 [m ] 14.4 (11.7-17.8) 13.5(11.6-16.9) 10.8 (5.4-14.4) 8.5 (6.4-10.4)
Oxygen [gQ m 3] 10.0 (7.9-12.9)  11.0(8.3-14.2)  11.1(7.4-13.7) 11.6(9.5-14.3)
Carbon dioxide [gCOM™] 8.1(4.6-10.7)  7.7(0.1-15.7)  8.6(5.8-39.7) 7.2 (5.5-10.1)
AOC [10%gacetate-Cr?]  11.5 (5.7-32) 35.0 (16-99) 85.0 (40-199)  114.1 (42-265)

Notes water quality parameters: table values are average concentrations; values between parentheses are minimum and maximum concentrations; carbon dioxide concentratiol

calculated according (van Schagen et al., 2008).
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Figure 1. Flow scheme at the Weesperkarspel pilot plant.

2.3 Statistical methods

The Matlal® procedure “anoval” (Mathworks, 2007) was
used to study dierences between datasets.
were considered significantlyféierent from each other, when

datasets. The procedure “robust” was used to assign lower
weights to outliers. The input variables were considered to

correlate significantly with the target variables, when the p-

value was smaller than 0.05.

Multivariate linear regressions (MLRs) were used to deter-
mine which input variable(s) from a group of input variables
influenced the target variable. The Ma@tprocedure “ro-
bust” (Mathworks, 2007) was used to assign lower weights
to outliers. For each target variable, MLRs were made for
all possible combinations of the input variables. MLRs that
included one or more input variables with no significant cor-
relation to the target variable (p-value larger than 0.05) were
rejected. The MLRs with the lowest root mean sigma error
(RMSE) were considered the best MLRs.

3 Results and discussion

Figure 2 shows the concentrations of DOC, AOC and oxygen
and the pH of the (B)GAC filters at the Weesperkarspel pilot
plant at diferent ozone doses. The minimum, maximum and
average influent concentrations are included in Table 1.

3.1 Effects of ozonation and water temperature on water
quality

The datasets

Based on the water quality after ozonation, MLRs were made

the p-value was smaller than 0.05, which means that thdor the following target parameters: DOC, AOC, oxygen,

chance that the fferent datasets did not originate from the
same distribution function is more than 95%.

The Matla® procedure “robustfit” (Mathworks, 2007)
was used to make linear regressions betwedferént

www.drink-water-eng-sci.net/4/25/2011/

carbon dioxide and pH (see Table 2). The following input
parameters were used: ozone dose, water temperature, DOC,
AOC, oxygen, carbon dioxide and pH, all from the raw water.
All target parameters after ozonation correlated significantly

Drink. Water Eng. Sci., 4, 25-35, 2011
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Table 2. MLRs water quality parameters after ozonation.

MLR — Robust

Input variables: @ temp, [DOClaw, [AOClraw, [O2]raws [CO2]raw R? RMSE
[DOC]irt = 0.51+ 0.92 [DOCl}, — 0.070 G 0.60 0.14
[AOC]int = 1.0% 1073 + 1.0 [AOClaw + 35x 1072 O3 0.62 10x 1073
[O2)int = 0.46+ 0.98 [Q]raw + 0.57 & 0.86 0.49
[CO,]int = 0.44+ 0.94 [CQ]raw — 0.32Q 0.15 0.35
pHins = 0.17+ 0.98 pHay + 0.014 Q 0.48 0.013

Notes: , indicates raw water (i.e., water before ozonation) gnohdicates (B)GAC influent (i.e., water after ozonation).
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Figure 2. DOC (a), AOC (b), oxygen (c) and pH (d) in
Weesperkarpsel pilot (B)GAC filters.

with their value before ozonation. The linear fiogents

removal was 0.17gCm (3%), as seen in Table 1. Other
studies reported NOM removal of 3% to 16%, depending on
the ozone dose (Sontheimer et al., 1988). Apparently this
DOC was completely oxidized to carbon dioxide. However,
the carbon dioxide concentration did not increase with in-
creasing ozone doses. On the contrary, it decreased with in-
creasing ozone doses, although the correlation was weak (see
Table 2). The ozone was dosed via a bubble column, using an
ozone-air mixture. It was assumed that the produced carbon
dioxide was stripped in the bubble column. No data about
carbon dioxide concentrations in th&-gas were available

to confirm this assumption. The oxygen concentration in-
creased with the ozone dose. Apparently, additional oxygen
dissolved from the gas mixture that was dosed in the bubble
columns. Also, some of the ozone did not react with sub-
stances in the water and was converted to oxygen. The AOC
concentration increased with the ozone dose. The increase
in AOC of 35x 103 g C g O;* was within the broad range of
values between 201073 and 250« 103g C g G;* found by
other researchers (Hammes et al., 2006; van der Helm et al.,
2007; van der Kooij et al., 1989).

There was no significant correlation between AOC con-
centration after ozonation and the DOC concentrations in the
raw water. Other studies have shown that the formation of
AOC and BDOC during ozonation does increase with the
concentration of NOM in the raw water (Carlson and Amy,
1997; van der Helm, 2007). The limited variation in the DOC
concentration in the raw water in this study could be a rea-
son for not finding a significant correlation. It is know that
the ozone decay rate increases with temperature. Therefore,
at a constant ozone dose, the concentration multiplied by the
contact time (CT) for ozone decreases with increasing tem-
peratures. Neither the DOC nor the AOC concentration after
ozonation depended on the water temperature. Apparently

were all between 0.92 and 1.0. All target parameters afteboth concentrations depended more on the total amount of
ozonation also correlated significantly with the ozone dosepzone dosed than onthe CT-value. Van der Helm et al. (2007)
as seen in Table 2. The DOC concentration after ozonatioralso found that the reaction of ozone with NOM was linear

mainly depended on the DOC concentration in the raw wa-with the ozone dose, and not with the CT-value. Hammes
ter and decreased slightly with increasing ozone doses. Agét al. (2006), on the other hand, found that the formation of

the highest ozone dose of 2.5g@ 3, resulting in an av-
erage ozon®OC ratio of 0.43 g @g C %, the average DOC

Drink. Water Eng. Sci., 4, 25-35, 2011

AOC did increase with CT.
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Table 3. Biological conversions in (B)GAC pilot filters.

Column W-GACS8 W-BGAC5 W-BGAC6 W-BGAC7
Net ozone dose [gn~3] 0 0.5 15 2.5
ADOC [g C 73] ~1.2(20%) -1.3(-21%) -1.5(-25%) 1.8 (~30%)
AAOC [103gacetate-C]  +2.7 (4:21%) -12.3(-35%) —68.3 (-73%) -85.4 (-68%)
AO, [g O, M ~3.3(-54%) -3.4(-55%) -3.6(-59%) -3.5 (-59%)
ACO; [gCO,m™3] +2.6 (+33%) +3.4 (+44%) +0.9 +-10%) +2.7 (+39%)
AO, ADOC [gO,g C 1] 3.2 2.8 2.3 1.9
ACO, ADOC [gCO, g C Y] 2.4 2.7 -0.4 ~1.4

Notes: table values are the averagéedience in (B)GAC influent andi#uent concentrationSes — Cins from day 194 to day 559; percentage values are the average relative removal
percentageSer — Cint)/Cint from day 194 to day 559.

3.2 Effects of ozonation and water temperature on 100
biodegradation of NOM in (B)GAC filters

Figure 2 shows that in all (B)GAC filters initial NOM re-
moval was high; at the first day of operation 92% to 96%
of the DOC and 90% to 100% of the AOC was removed. )
After 40 days of operation, both DOC and AOC concentra- ~ ° = * _=¢ & 9% ° T om0 °
tions in the @luents increased rapidly according to a typi-

cal S-shaped adsorption breakthrough curve. However, COMejg e 3. Linear regressions plus 95% confidence intervals for data
plete breakthrough was not reached. Instead, after approxirom all 4 (B)GAC filters: AAOC = 64x 103 ADOC + 60x 10°3
mately half a year of operation, DOC and AOC removal in (R? = 0.36) (a) andACO, = —-0.79A0, + 0.19 (2 = 0.13) (b).

all (B)GAC filters reached more or less a steady-state. It was

assumed that the main NOM removal process in this “steady-

state” situation was biodegradation. It was also assumed tha{either average oxygen consumption nor the average car-
biodegradation of NOM was the only biodegradation processhon dioxide production depended on the ozone dose. The
in the filters. From experiences in the full-scale plant, it wassignificant correlations between the biological removal of
known that there was no microbial oxidation of inorganic pOC, AOC and oxygen, and the production of carbon diox-
compounds because ammonium, nitrite and iron were absenifle were AAOC =64x 103ADOC+60x 103 (R? = 0.36)

due to pre-treatment by rapid sand filtration (see Fig. 1). ~ andACO, =-0.79 A0, + 0.19 R =0.13) (see Fig. 3).

To take seasonalffects into account, the biological re- MLRs were made for the biological removal of DOC and
moval of DOC and AOC, the consumption of oxygen, and the AOC, the consumption of oxygen and the production of car-
production of carbon dioxide in the (B)GAC filters were ana- bon dioxide in the (B)GAC filters, again for the selected pe-
lyzed for a period of one year, during steady-state conditiongiod of one year. Oferent sets of input variables were used:
from day 194 to day 559 (see Table 3). During this selected@) water quality after ozonation (the ozone dose was not
period, the average DOC removal was significantly greaterused), (b) water quality after ozonation plus the ozone dose,
at higher ozone doses, 1.2 g CHh(20%) at 0g@m~ and (c) raw water quality plus the ozone dose, and (d) water tem-
1.8gCn13 (30%) at 2.5g @m™3, at almost identical DOC  perature plus the ozone dose. When only the water quality
influent concentrations. Also, the average AOC removal wasvariables after ozonation were used as input parameters (set
significantly higher at higher ozone doses. Note that thea), 3 MLRs showed negative values f@f. This indicates
AOC influent concentrations were increased due to ozonathat this set was severely influenced by outliers. Therefore,
tion. However, in none of the filters receiving ozonated wa- this set was excluded from further examination. Adding the
ter were AOC concentrations reduced to the concentration®zone dose as an input variable (set b) reduced this prob-
before ozonation (see Table 1). The BGAC filters removedlem and was therefore useful for predicting biodegradation
up to 70% of the produced AOC. The GA@leent on av- in (B)GAC filters. Using the water quality variables from
erage contained more AOC than the influent, as seen in Tathe raw water instead of those from the water after ozona-
ble 3. Apparently, the GAC filter produced AOC. Therefore, tion (set c) increased the RMSEs, meaning that the quality
both GAC filtration and ozonation followed by BGAC filtra- of the MLRs decreased. This is the result of additional noise
tion were expected to have a negatifieet on biostability.  in the input variables caused by the ozonation. The simplest

dAOC [10° g acetate-C-m¥]

dco, [g co, m?
B ok N WO o N

_15¢ -
et 000
-201
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Figure 4. MLRs for biological conversions of DO(), AOC (b), oxygen(c) and carbon dioxid¢d) as a function of the ozone dose and
temperature from day 194 to 559 (set d).

set (d) only used the temperature and the ozone dose as input. Figure 5 shows that in the pilot (B)GAC filters both the
Figure 4 illustrates the results of the MLRs for set (d). Theratio between oxygen consumption and DOC removal and
results of the MLRs for sets b, ¢ and d are shown in Table 4.the ratio between carbon dioxide production and DOC re-
Figure 3, Table 4 and Fig. 4 illustrate that the removals ofMoval were higher at higher temperatures. In summer more
DOC and AOC correlated with each other and were greater afXygen was consumed and more carbon dioxide was pro-
higher ozone doses. They were not significantly influencedduced than was needed for complete NOM oxidation (ap-
by the water temperature. Oxygen consumption and carboRroximately 200% and 150% respectively). This was also
dioxide production correlated with each other and increased@Pserved by Jekel (1979) and Sontheimer et al. (1988).

with temperatures. They were not significantly influe_nced It was assumed that in the pilot filters the type of NOM
by the ozone dose. The removal of DOC and AOC did notremained fairly constant during the year and that always
correlate S|gn|f|cantly Wlth.th.e consumption of oxygen and 2.6 gC* was needed for complete oxidation. When
the production of carbon dioxide. biodegradation of NOM from the water phase is assumed
It is known that diferent substrates require fidirent to be the only relevant process for run times longer than
amounts of oxygen for complete oxidation. For example,194 days, the removal of DOC and AOC, the consumption
for complete oxidation of glucose §81,0¢) 2.7g 3 gC?, of oxygen and the production of carbon dioxide: (a) should
for cellulose (GH100s), 2.7gGQgC™t and for ethanol correlate with each other, (b) should all be higher at higher
(CH30H) 4.0gQgC™* is needed. Perdue and Ritchie temperatures, (c) should all be higher at higher ozone doses,
(2004) reviewed dferent studies on NOM and collected the and (d) should not have oxygen consumption exceeding
compositions of NOM in 57 fresh waters. The average NOM2.6 g Q g C?* and should not have carbon dioxide produc-
of these 57 samples had a C:H:O ratio of 400:660:645. Fotion exceeding 3.7 g C&y C 1. None of these requirements
complete oxidation of this average NOM 2.6 g@C ! is were completely fulfilled. It was suggested that, besides
needed. The oxygen consumption of all the NOM sampleshiodegradation of NOM from the water phase, the follow-

always was between 2.13Q@C *and 3.4gQ@gC*. Com- ing mechanisms could explain the observations from the pi-
plete oxidation of NOM always results in a carbon dioxide lot plant: a decrease in the NOM reduction degree (see
production of 3.7gC@g C L. Uhl, 2000) by ozonation, the degassing of (B)GAC filters,

Drink. Water Eng. Sci., 4, 25-35, 2011 www.drink-water-eng-sci.net/4/25/2011/
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Table 4. MLRs biological conversions in (B)GAC pilot filter.

MLR — Robust —set b

Input variables: @, temp, [DOC}¢, [AOClint, [O2]int, [CO2]int R? RMSE
A[DOC] = 1.2— 0.39 [DOC]Jys — 0.26Q; 0.53 0.22
A[AOC] = 13x 102 — 0.90 [AOC}s — 4.0x 1072 O3 0.96 63x10°3
A[O;] =173- 0.57 temp- 0.27 [Q]ins — 20 pHnt — 1.5 [COy]ing -7.1 0.50

A[CO,] = 5.4+ 0.36 temp+ 0.54 [Qy]int — 0.18 [CQJir —0.57Q, 0.46  0.94

MLR — Robust —set ¢
Input parameters: Dtemp, [DOCla, [AOClraw: [O2]raws [CO2]raw

A[DOC]=-1.2-0.23Q 0.34 0.25
A[AOC] = 179% 1073 — 29 x 1073 [DOClyaw — 34x 107° O3 0.58 15«<10°°
A[O,] = 7.3— 0.38 temp- 0.48 [O.]raw — 0.13 [CO]raw 0.88 0.53
A[CO;] = -0.58+ 0.27 temp 0.20 1.0

MLR — Robust — setd
Input parameters: Htemp

A[DOC] =-1.2-0.23Q 0.34 025
A[AOC] = 0.92x 108 — 29x 102 O, 0.49 16103
A[O;] = 0.20— 0.27 temp 073 064
A[CO,] = —0.58+ 0.27 temp 0.20 1.0

Notes: raw indicates raw water (i.e., water before ozonatign)indicates (B)GAC influent (i.e., water after ozonatiof)indicates the dference in (B)GAC influent andituent
concentration€e; — Cins from day 194 to day 559.

biomass production and losses, the temperattiexts on  fore, the decrease of the NOM reduction degree by ozonation
NOM adsorption and bioregeneration. These hypotheses areould not (completely) explain the observations from the pi-

discussed in the following sections. lot plant.
3.2.1 Decrease of the NOM reduction degree by 3.2.2 Degassing of (B)GAC filters
ozonation

The average ratio between carbon dioxide production and
The average ratio between oxygen consumption and DOMOC removal was between 0.4 and 2.7 for all (B)GAC fil-
removal was lower at higher ozone doses, 3.2g0 ! at ters and did not depend on the ozone dose (see Table 3). As
0gO;m=and 1.9gQgC? at 25gQm=2 (see Table 3). 3.7 is the ratio between the molecular mass of carbon diox-
However, the significance was relatively low (p-value 0.06). ide (44 g mol qu) and carbon (12 gmol@), this means
The MLRs from sets d for DOC and oxygen consumption, that not all removed NOM carbon was found as carbon diox-
and for DOC and carbon dioxide production (see Table 4)ide in the éfluent. For example, in filter W-GAC8 only
were combined into equations for the ratio between oxyger.4-12/44=65% of the biologically removed NOM carbon
consumption and DOC removal and for the ratio betweenwas found as carbon dioxide in théleent. For filters W-
carbon dioxide production and DOC removal, as seen inBGAC5, W-BGAC6 and W-BGAC?7 this was 11%, 38% and
Fig. 5. Both ratios were higher at higher temperatures and74%, respectively. Ozone was dosed at a water depth of
lower at higher ozone doses. Due to the reaction of NOM5 m, while the supernatant water in the (B)GAC filters was
and ozone, more oxygen atoms are incorporated in the NOMit atmospheric pressure. The supernatant water was super-
molecules, resulting in a decrease in the reduction degree afaturated with gas. In summer, gas bubbles frequently were
the NOM. For biodegradation of NOM with a lower reduc- observed in the (B)GAC filters. The escaping gas contained
tion degree, less oxygen is consumed (Uhl, 2000). From higelatively high amounts of carbon dioxide (2%). No informa-
data, Uhl derived that, due to this NOM oxidation, the reduc-tion on the amount of gas escaping was available to assess its
tion degree of NOM reduced by 0.26 to 0.48 in foufelient ~ effect on the carbon balance. However, the gas was escaping
(B)GAC filters, corresponding to an oxygen uptake of 0.13 toat atmospheric pressure, so the density was approximately
0.24gQgC. This is less than the observedfdience of  1.2x10°gm3. The concentration of carbon dioxide as car-
3.2-1.9=1.3gGQ g C that was found in this study. There- bon was approximately.2x 1023-2%-12/44=6.5gCnt3.
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consumption and the carbon dioxide production per amount
oy 40 of biodegraded NOM is about 2 times higher than for bacte-
ria growing at a yield of 0.6 gC g<C. In the pilot (B)GAC

filters these figures were more than 5 times higher in sum-

2

W
S

8
Temperature [T]

do,_-dDOC![gO_-g C}]

8 10 mer than in winter (see Fig. 5). In theory, this would only
o be possible at a maximum yield (in winter) of 0.8gCgC
. o or more, which is not realistic. Variable yields also cannot
8l conbined MRs setd explain why in summer more than 2.6 g@®C™! was con-
- dIPOCUOJ=(-12:0.23-0)/(0.20-027-terp) sumed and more than 3.7 g g®C* was produced.

The produced biomass can either accumulate in the filter
bed, or leave the filter with theffuent or with the backwash
water. Besides, it is possible that the biomass dies, disinte-
* grates (lysis) and serves as a carbon source for other micro-

© 20 organisms. Furthermore, bacteria in a starvation or limita-
tion phase can utilize internally stored carbon. In this study,
the concentrations of ATP, as a measure of active biomass,
were determined in the filter influentsfieents and back-

10 wash water (data not shown). Assuming a biomass car-
w0 boryATP ratio of 2509 C gATP' (Magic-Knezev and van

@ der Kooij, 2004), the amounts of biomass, expressed in car-

bon (biomass carbon), in the influents afiluents were less
than 1% of the NOM that was biologically removed in the
(B)GAC filters. During a backwash, 13% of the biomass was

do_-dDOC! [gO_-g C}]

2

AdCOZdDOC’ [gCgcy
=
5
Temperature [C]

° combined MLRs set d

Adcozdnoc’ [gcgcy

2l dIDOCHAICO,-(-1.2-0.23-0/(-056+0.27-terp) removed from pilot filter W-BGACG6 (1 observation). At a
0 s 10 Bl 2 0 maximum frequency of 1 backwash per 4 days, the biomass
. . ) 0
W-GAC8:0g O m* W-BGACS5: 059 O,:m* W-BGACS: 1.5 g O,-m* W-BGACT7: 259 O,-m* Carbon removed dUrlng baCkwaSh”]g was a}pprOXIr.’nater 1 /0
© EBCTAOmn-ni  © EBCTAOmn-n  © EBCTAOmn-i  ® EBCTA0min-inf of the NOM that was biologically removed in the filter dur-

combined MLRs setd — - combined MLRs setd combined MLRs set d combined MLRs set d

Temperature

ing 4 days. The observed changes in biomass activity were
always between-4x10°gATP gAC tday?! (net biomass
Figure 5. Oxygen consumption to DOC removal raf@), oxygen ~ drowth) and-4x10°gATP gAC*day™ (net biomass re-
consumption to DOC removal ratio as function of temperature frommoval), which corresponded to less than 1% of the NOM
day 194 to 559b), carbon dioxide production to DOC removal ratio that was biologically removed. Therefore, biomass growth,
(c) and carbon dioxide production to DOC removal ratio as function accumulation in the filter bed, lysis and the loss of carbon
of temperature from day 194 to day 5(9. with biomass in the fluent and backwash water could not
explain the discrepancy between biological NOM removal

and carbon dioxide production in the BGAC filters.
For example, for filter W-GACS8 it was demonstrated that

35% of the biologically removed NOM carbon was not found
as carbon dioxide in thefftuent. If this was caused by de-
gassing of the filters, 3594.2/6.5=0.065n% of gas per M |n theory, adsorption should be less at higher tempera-
of treated water should have escaped from the filters. Atyres (Schreiber et al., 2007). This was shown experimen-
a surface loading of 8x10*ms™ this corresponded t0 tally for some individual compounds, e.g., phenol and o-
4.9m gas per m filter bed per day, which is not realis- cresol (Abuzaid and Nakhla, 1997). However, experiments
tic. Therefore, the degassing of the (B)GAC filters could not showed more NOM adsorption at higher water temperatures
(completely) explain the observations from the pilot plant.  (Schreiber et al., 2005 and 2007; Summers and Roberts,
1988). In this study, the adsorption isotherms were only de-
termined at 12C. Therefore, the féect of temperature on

the adsorption isotherm could not be assessed. It is pos-
A part of the biologically removed NOM carbon is converted sible that at higher temperatures adsorption decreases, or
into biomass. For aquatic bacteria the bacterial grovfih e even completely stops, and simultaneously biodegradation
ciency, or yield, varies from less than 0.05 to 0.6 gC§,C of NOM increases. Because of the increased biodegrada-
depending on type and concentration of the substrate, typ&on, the oxygen consumption and carbon dioxide production
of bacteria, growth phase of bacteria, temperature and othdwypically increases in summer, while the DOC and AOC re-
water quality parameters (del Giorgio and Cole, 1998). Formoval typically remains fairly constant. The phenomenon
bacteria growing at a yield of 0.05 g C g¥; both the oxygen  that NOM adsorbs in winter and is biodegraded in summer

3.2.4 Temperature effects on NOM adsorption

3.2.3 Biomass production and losses
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cannot explain why, in summer, the oxygen consumption ex-2007; Klimenko et al., 2003; Walker and Weatherley, 1998).
ceeded 2.6 g &y C ! and the carbon dioxide production ex- Although no hard evidence was found, some researchers
ceeded 3.7gC&yCt. Temperature fiects on NOM ad-  suggested that bioregeneration of NOM in drinking water
sorption could only partly explain the discrepancy betweenis possible (Sontheimer et al., 1988). Both desorption and
DOC and AOC removal on one side and oxygen consump-biodegradation of the compounds are conditional for biore-
tion and carbon dioxide production on the other. generation. It is obvious that a part of the NOM in the pilot
(B)GAC filters was biodegradable and adsorbable (Fig. 2 and
Table 3). For batch experiments, desorption of 4% to 58% of
previously adsorbed NOM was reported. The percentage of
Bioregeneration of AC is biodegradation of (previously) ad- NOM desorption depended on the type of NOM and on the
sorbed NOM, which results in a decrease in the NOM load-type of AC (Yapsakli et al., 2009), Therefore, in theory, the
ing on the AC (Sontheimer et al., 1988). Several authorsconditions for biodegradation and for desorption can be met.
described two possible mechanisms for bioregeneration. Th&ecause in summer the reported ratio between oxygen con-
first hypothesis is that biomass on the external AC surfacesumption and DOC removal exceeded 2.6,q@* and the
takes up substrate. Therefore, the concentration of the sulratio between carbon dioxide production and DOC removal
strate on the external AC surface becomes smaller than thexceeded 3.7 g C@ C?, it was likely that bioregeneration
internal equilibrium concentration. This causefiudiion of  of NOM did occur in the (B)GAC pilot filters.
the substrate from the internal pores towards the external AC
surface, where it is biodegraded. The concentration inside
the pores decreases, which results in desorption. The AC i§ Conclusions
available for adsorption again: it has been bioregenerated.
The second hypothesis is that the biomass releases extracdh this study the influence of ozonation on the biodegrada-
lular enzymes that enter the meso-pores of the AC; microtion of NOM in (B)GAC filters was assessed in four pilot
pores are believed to be too small for the exo-enzymes tdB)GAC filters. To study a period with biodegradation as the
enter. The exo-enzymes convert part of the adsorbed suhain NOM removal process and to take seasofiats into
strate into less adsorbable products. These products desofigcount, the filters were judged for a period of one year, from
and difuse from the internal pores towards the external ACday 194 to day 559.
surface, where they are biodegraded. Again, the AC is biore- The main &ect of the ozonation was the increase in
generated. In both hypotheses, both desorption and biodegréhe AOC concentration in the (B)GAC influents by 85
dation are conditions for bioregeneration (Aktas and Cegenl10~3 g acetate-C g ¢}. Ozonation also resulted in limited de-
2007; Klimenko et al., 2003; Walker and Weatherley, 1998). creases in the DOC and oxygen concentrations, and in lim-
During bioregeneration, oxygen is consumed and carborited increases in the pH and (calculated) carbon dioxide con-
dioxide is produced. The NOM that is biodegraded origi- centration.
nates from the adsorbed phase. An increase in oxygen con- The BGAC filters receiving ozonated water removed up to
sumption and carbon dioxide production is possible, without70% of the produced AOC. However, in none of the BGAC
any dfect on the measured DOC and AOC concentrations infilters were AOC concentrations reduced to the concentra-
the filter gfluent. During complete oxidation of 1gC 2.6g tion levels before ozonation. The GAC filter produced small
oxygen is needed and 3.7 g carbon dioxide is produced. Asamounts of AOC. Therefore, both GAC filtration and pre-
sume that in winter, during a period of 6 months, 1.0g€ m oxidation followed by BGAC filtration were expected to have
NOM adsorbed onto the AC and that 0.2gCNOM was  a negative fiect on biostability. Ozonation also stimulated
biodegraded. The oxygen consumption and the carbon dioxthe removal of DOC in the (B)GAC filters. At the high-
ide production, per amount of NOM removed from the wa- est ozone dose of 2.5 g@ 3, which resulted in an aver-
ter phase, would have beer202.6/1.2=049g0,gCtand age 0zon®OC ratio of 0.43g@gC*, the DOC removal
0.2-3.7/1.2=0.6 gCQ g C*. Assume that in summer, dur- was 30% versus 20% in the filter receiving non-ozonated wa-
ing a period of 6 months, no NOM adsorbed, that 1.2g€m ter. The removals of DOC and AOC correlated with each
NOM was biodegraded from the water phase and that all adether and were greater at higher ozone doses. They were
sorbed NOM from the previous winter period was biode- not significantly influenced by the water temperature. Oxy-
graded. The oxygen consumption and the carbon dioxidegen consumption and carbon dioxide production correlated
production, per amount of NOM removed from the water with each other and were higher at higher temperatures. They
phase, would have been (+2)-2.61.2=4.8gQgC*and  were not significantly influenced by the ozone dose. The re-
(1.2+1)-3.71.2=6.8gCQ g C*. These figures correspond moval of DOC and AOC did not correlate significantly with
well to the measured results from the pilot experiment, asthe removal of oxygen and the production of carbon diox-
seen in Fig. 5. ide. This discrepancy indicated that, besides biodegrada-
AC bioregeneration was reported forfférent specific tion, other processes were relevant for NOM removal in the
compounds in (industrial) waste waters (Aktas and Cecenfilters. In summer, the ratio between oxygen consumption

3.2.5 Bioregeneration
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and DOC removal was approximately 2 times the theoreti-del Giorgio, P. A. and Cole, J. J.. Bacterial growtfi@ency in
cal maximum of 2.6 g@g C* and the ratio between carbon  natural aquatic systems, Annu. Rev. Ecol. Syst., 29, 503-541,
dioxide production and DOC removal was approximately 1.5 1998.
times the theoretical maximum of 3.7 g €@C . Theoret-  Escobar, I. C., Randall, A. A., and Taylor, J. S.: Bacterial growth
ical calculations demonstrated that the production and losses N distribution systems: fEect of assimilable organic carbon and
of biomass, the degassing of (B)GAC filters, the decrease in biodegradable dissolved organic carbon, Environ. Sci. Technol.,
the NOM rladuction degree and the tem e,ratLﬁ“eoms on 35, 3442-3447, 2001

. 9 p Gilbert, E.: Photometrische Bestimmung niedriger Ozonkonzen-
NOM adsorption could only partly explain these excesse

; S trationen in Wasser mit Hilfe von Déghyl-p-phenylendiamin
and the discrepancy between DOC and AOC removal and (ppp) (Photometric determination of low ozone concentra-

oxygen consumption and carbon dioxide production. Biore- tjons in water using Diethyl-p-phenylenediamine (DPD)), GWF
generation of NOM could explain the excesses and the non- Wasser Abwasser, 122, 410-416, 1981.

correlation. Therefore, it was likely that bioregeneration of Graham, N. J. D.. Removal of humic substances by oxida-
NOM did occur in the (B)GAC pilot filters. tion/biofiltration processes — a review, Water Sci. Technol., 40,

It is recommended that adsorption, desorption andG 141r128'A19ig- lcati ¢ biological activated carbon fitrati
biodegradation experiments be performed with labéfex raveland, A.. Application of biological activated carbon tiftration
glucose (Servais et al., 1994), or if possible with larger (both at Amsterdam Water.squly‘ Water Supp., 14, 2?.’3_241' 1994.

. . Hammes, F., Salhi, E., &&ter, O., Kaiser, H.-P., Egli, T., and von
biodegradable and non-biodegradabf€)-NOM molecules.

Lo . . . Gunten, U.: Mechanistic and kinetic evaluation of organic dis-
This will make it possible to determine the fate of NOM and  jection by-product and assimilable organic carbon (AOC) for-

to quantify relevant processes in BGAC filtration. Possibly, mation during the ozonation of drinking water, Water Res., 40,
hard evidence for bioregeneration of NOM will be found. 2275-2286, 2006.
Jekel, M.: Experience with biological activated carbon filters, in:
Oxidation Techniques in Drinking Water, edited by: Kuhn, W.
and Sontheimer, H., US Environmental Protection Agency EPA-
5709-79-020, 715-726, 1979.
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logical treatment of surface water with a high amount of humic
substances, Water Sci. Technol. Water Supply, 4, 183—-187, 2004.
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