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ARTICLE INFO ABSTRACT

Editor: H.H. Ngo Organic micropollutants (OMPs) enter the aquatic environment via municipal wastewater treatment plants

(WWTPs). As conventional WWTPs have limited capacity for the removal of OMPs, additional processes are

Keywords: required, like ozone - granular activated carbon (GAC) filtration. A specific lay-out of this process is the O3-

Bror_r‘aFe_ . STEP® process, in which the removal of suspended solids, OMPs, phosphate and nitrate is combined. However,

Eimtt“ﬁcanon ozonation may result in formation of bromate, a compound with a strict water quality standard of 1 ug/L for
itrate

surface waters in The Netherlands. This limits the applicability of ozonation in wastewater treatment. This study
examined biological bromate removal associated with denitrification processes in the GAC filter of the O3-STEP®
process. In this GAC filter methanol is dosed for nitrate removal by biological denitrification. In column ex-
periments, bromate and nitrate were removed simultaneously under both anoxic and oxic conditions. Depletion
of oxygen within the biofilm surrounding the GAC granules most probably is the reason for denitrification under
oxic bulk conditions, although aerobic denitrification cannot be excluded. In batch experiments, the presence of
nitrate did not affect bromate removal, whereas the presence of dissolved oxygen had a slight inhibitory effect on
bromate removal and nitrate removal. Addition of methanol increased both nitrate and bromate removal, which
is hypothesized to occur through an increased availability of electron donors in the water. The results show that a
denitrifying GAC filter in the ozone - GAC filtration process mitigates the bromate formation, which broadens the
applicability of this process for OMP removal from wastewater.

Organic micropollutants
Ozone - granular activated carbon filtration

1. Introduction processes [12,17,18] have been carried out. Full-scale application for

OMP removal is already in place in several WWTPs [19,20]. In addition,

In the past years the presence of organic micropollutants (OMPs) in
the aquatic environment, such as pesticides, pharmaceuticals, and per-
sonal care products, has received a lot of attention [1-3]. It has been
shown that the presence of these compounds can have negative effects
on the aquatic environment and human health [4,5]. Many of these
OMPs enter the aquatic environment via municipal wastewater treat-
ment plants (WWTPs) [6], as traditional WWTPs are not specifically
designed for the removal of OMPs [7]. The average removal efficiency of
OMPs in WWTPs ranges from 30 % to 65 % [8]. Therefore, many in-
vestigations into OMP removal technologies for wastewater treatment,
including adsorption [9,10], filtration [11], membrane processes [12],
advanced oxidation [13-15], biodegradation [11,16] and combined

in the recast of the European Urban Wastewater Treatment Directive a
removal standard of 80 % will be introduced for these compounds in
WWTP effluent, further necessitating the introduction of quaternary
treatment.

An attractive combined process is ozonation followed by granular
activated carbon (GAC) filtration. Some OMPs are removed more
effectively by ozone while others are better removed by activated carbon
[21]. As such, combining the two methods broadens the range of sub-
stances that can be removed. Reungot et al. [9] concluded that the main
ozonation followed by activated carbon adsorption in a full-scale
reclamation plant treating secondary treated wastewater played a key
role in decreasing the concentration of many organic micropollutants to
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below the level of detection. The ozonation step resulted in a decreased
micropollutant concentration to <20 % of the influent concentration for
caffeine, carbamazepine, codeine, diclofenac, doxylamine, erythro-
mycin, frusemide, gemfibrozil, hydrochlorothiazide, metoprolol, para-
cetamol, ranitidine, roxithromycin, sulphamethoxazole, tramadol,
trimethoprim and venlafaxine. The subsequent GAC filtration further
decreased the compound concentrations to levels below the level of
quantification except for gabapentin and roxithromycin. However, an
important concern with ozonation is the formation of bromate which is
considered a human carcinogen [22]. Enhanced treatment of waste-
water by ozone may result in the formation of bromate, depending on
water quality parameters such as bromide and DOC (Dissolved Organic
Carbon) concentrations, and process settings such as contact time and
ozone dose, expressed as g O3/g DOC [23]. In The Netherlands, the
standard for bromate in surface waters is 1 pg/L [24,25], which may
limit the application of ozone or the combination of ozone with GAC
filtration. At high bromate concentrations in the treated wastewater
effluent, discharge into the surface water may result in exceedance of
this standard.

However, bromate may be removed biologically, a phenomenon that
has already been recognized in drinking water treatment. Hijnen et al.
[26,27] studied the removal of bromate in a denitrifying bioreactor
supplemented with methanol, used for nitrate removal from drinking
water. They concluded that bromate was reduced to bromide by a mixed
bacterial population. Nitrate was the preferred electron acceptor for the
bromate reducing bacteria, and bromate reduction only occurred when
nitrate was almost completely removed. Wang et al. [28] studied the
removal of bromate as a by-product of ozonation in subsequent managed
aquifer recharge systems, specifically in anoxic nitrate-reducing zones.
A drastic increase in bromate degradation was observed in the sudden
absence of nitrate in both batch reactors and columns, indicating that
bromate and nitrate competed for biodegradation by denitrifying bac-
teria. Nitrate was preferred as an electron acceptor under the simulta-
neous presence of nitrate and bromate. However, within 75 days'
absence of nitrate in an anoxic column, bromate removal gradually
decreased, indicating that the presence of nitrate is a precondition for
denitrifying bacteria to reduce bromate in nitrate-reducing anoxic
zones. Hiibner et al. [29] studied the removal of DOC and assessed
formation and stability of the by-product bromate in combined ozona-
tion and managed aquifer recharge systems. During oxic infiltration, no
significant bromate removal could be observed. However, under anoxic
conditions, the bromate concentration was efficiently reduced. Addi-
tional biodegradation tests in small-scale columns indicated a simulta-
neous consumption of nitrate and bromate which functioned as electron
acceptors.

In the application of combined ozonation - granular activated carbon
filtration for the removal of OMPs from wastewater effluent, the O3-
STEP® process is a specific system that combines the removal of sus-
pended solids, nutrients and OMPs [30]. GAC filtration removes sus-
pended solids, the combination of ozone and GAC filtration removes
OMPs, phosphate is removed by inline coagulation and filtration in the
GAC filter, and nitrate is removed by biological denitrification through
methanol dosing to the GAC filter. During the ozonation bromate for-
mation is possible, but the presence of a denitrifying GAC filter after the
ozonation may have a positive effect on the bromate removal. Although
GAC has been studied to determine its feasibility for bromate removal by
adsorption, the presence of moderate to high levels of DOC, as is the case
in wastewater treatment, resulted in poor bromate removal because of
the competition for GAC's adsorptive sites [31]. Also Kirisits et al. [32]
concluded that the presence of natural organic matter (NOM) and other
anions were responsible for reducing the efficacy of GAC for bromate
removal. As mentioned above, in drinking water treatment the removal
of bromate under denitrifying conditions has been shown [26-28].
Hence, bromate may also be removed in biologically active filters used
in wastewater treatment. Jahan et al. [33] concluded that microbial
ecology developed in a biologically activated carbon (BAC) filtration
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and presence of DOC might play a significant role in bromate reduction.
The denitrifying GAC filter in the O3-STEP® process can be considered a
form of BAC filtration. Lee et al. [34] tested the biological bromate
mitigation after ozonation in enhanced wastewater treatment and found
that the produced bromate at 0.3, 0.5 and 0.7 g O3/g DOC decreased by
8-21 % by biodegradation. Chuang and Mitch [35] showed >90 %
removal of bromate by post-BAC treatment during wastewater effluent
ozonation. Kirisits et al. [36] also observed bromate removal in a bio-
logically active carbon filter, but showed that bromate removal
decreased as the influent nitrate concentration was increased from 0.3 to
42.3 mg/L. With a 26-min EBCT bromate removal dropped from 86 % to
49 %, while with a 51-min EBCT it decreased from 95 % to 79 % only.
Unfortunately, the redox conditions in the biologically active carbon
filters were not specified in these studies which makes it difficult to
understand the removal mechanism. Jahan et al. [33] recommended
further research into bromate reduction in biofilters to understand the
influencing or mitigation methods to reduce bromate concentrations
and to successfully apply bromate reduction in large-scale systems.
Therefore, the aim of this study was to investigate whether the GAC filter
in the O3-STEP® process can remove bromate formed during the pre-
ceding ozonation step, thereby increasing the applicability of this pro-
cess in wastewater treatment plants. The focus was on biological
bromate reduction in the GAC filter, especially its interconnection with
the denitrification process. The main research questions were: 1) where
do denitrification and bromate removal take place in the GAC filter; 2)
does the presence of nitrate inhibit bromate removal; 3) does dissolved
oxygen, present in the ozonated water, affect nitrate and bromate
reduction; and 4) does the addition of methanol enhance bromate and
nitrate removal? Bromate and nitrate removal were analysed in the GAC
filter of a O3-STEP® process on pilot plant scale treating effluent of the
Dutch WWTP Horstermeer. In addition, batch experiments were per-
formed using GAC from this GAC filter to further study the relation
between denitrification and bromate reduction, and how this was
related to oxygen and organic carbon concentrations.

2. Materials and methods
2.1. O3-STEP® pilot plant

Fig. 1 shows the process set-up of the O3-STEP® pilot plant. The 1-
STEP® filter is the GAC filter in the O3-STEP® process. The feed water of
the pilot plant was treated wastewater from the WWTP Horstermeer
(capacity 150,000 p.e.), The Netherlands, consisting of a primary
settling, biological treatment and secondary settling.

Table 1 shows the composition of the effluent from the secondary
clarifier, which was the feed water of the O3-STEP® pilot plant.

Column experiments were performed using the GAC filter (1-STEP®
filter) of the O3-STEP® pilot plant. Fig. 2 shows this GAC filter. The filter
unit had a height of 4 m and a diameter of 0.52 m. Norit GAC 612 WFD
was used as GAC, with a grain size of 1.70-3.35 mm. The GAC bed
height was 2 m, and a supernatant of 1.1 m was maintained. By using a
control valve in the effluent pipe a constant flow rate of 3 m>/h was
maintained. The filter was operated in downflow mode. The filter was
backwashed upflow every 260 min using water from the filtrate buffer
tank. A more intensive backwash was done once every three backwashes
where both air and water were flushed from the bottom of the filter.
Substantial filter bed expansion was observed during backwashing.
Sampling ports were present in the supernatant (SNT), in the GAC filter
bed (FB1-FB4) and in the filter outlet (Outlet). Water samples were also
taken at the filter inlet. Water samples from the inlet and all sampling
ports were analysed for DO, NO3, NO> and BrOj3 to create concentration
profiles over the filter height. Preceding these sampling campaigns, the
effluent of the ozonation and the effluent of the GAC filter of the O3-
STEP® was analysed for BrO3 over a period of 11 months at an ozone
dose of 0.4 g O3/g DOC.

Table 2 summarizes the process conditions of the O3-STEP® pilot
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Fig. 1. Process scheme of the O3-STEP® pilot plant at WWTP Horstermeer. Treated wastewater from the full scale WWTP (biological treatment — secondary clarifier)

was used as influent for the ozonation — GAC filtration pilot plant.

Table 1

Water quality of the effluent of the secondary clarifier of WWTP Horstermeer,
which served as the influent of the O3-STEP® pilot plant. Data shown concern
the experimental period July 2021-September 2022.

Table 2

Process conditions of the O3-STEP® pilot plant during the sampling campaigns
to obtain DO, NO3, NO; and BrO3 to create concentration profiles over the filter
height.

Parameter Concentration in influent O3-STEP® pilot plant

(average =+ standard deviation)

Parameter Value

Ozonation
Ozone dose (mg O3/L) 5.5-12.1
Relative ozone dose (g O3/g DOC) 1.1

COD® (mg/L) 29.5+ 6.1
N-total (mg/L) 6.0 + 2.0
NOs-N (mg/L) 2.9+0.9
NO,-N (mg/L) 0.3+0.3
P-total (mg/L) 0.3+0.2
PO4-P (mg/L) 0.1 + 0.04
DOC” (mg/L) 83+17

# Chemical oxygen demand
b Dissolved organic carbon.

Ozone contact time (min) 25
GAC filtration

Coagulant dose (mg/L) 0
Methanol dose (mg/L) 20-25

Relative methanol dose
Flow rate (m®/h)

1.2 kg COD/kg O and 4.1 kg COD/kg NOs-N
3

Filtration rate (m/h) 13.8
Empty Bed Contact Time (min) 17.4
Backwash flow rate (m®/h) 11.3
Backwash duration water (sec) 400
Backwash duration air (sec) 120

PO s
90 ¢cm
X ==
—PDq SNT (280 em)
110 cm
4
P
—PDq FB1  (185cm)
—Dq FB2  (145cm)
200 cm GAC —Dq FB2.5 (105cm)
—Dq FB2 (85 cm)
FB4 (25 cm)
N —Dq Outet (0 cm)
v

Fig. 2. The GAC filter (1-STEP® filter) in the O3-STEP® pilot plant at WWTP
Horstermeer.

plant during the sampling campaigns to obtain the profiles. The ozone
dose was set at 1.1 g O3/g DOC. With a DOC concentration in the
influent of the O3-STEP® pilot plant between 5 and 11 mg/L (average
8.3 mg/L) the absolute ozone dose varied between 5.5 and 12.1 mg/L
(average 9.1 mg/L). During the experiments a relatively high ozone dose
of 1.1 g O3/g DOC was applied to enhance the formation of bromate.
This is higher than the normally applied dose of 0.4 g O3/g DOC in the
pilot plant [37]. Methanol was dosed for oxygen consumption of the
oversaturated water after ozonation and as carbon source for the het-
erotrophic denitrifying bacteria in the GAC filter, based on 1.2 kg COD/
kg O, and 4.1 kg COD/kg NOs-N. The absolute methanol dose varied
between 20 and 25 mg/L. During the experimental period no coagulant
was dosed due to the low phosphate level in the WWTP effluent. 1 mg/L
bromide was dosed to the influent of the O3-STEP® pilot plant to in-
crease bromate formation for experimental purposes.

2.2. Batch experiments

Four series of batch experiments (A, B, C and D) were conducted,

Table 3

Configuration of batch experiments.
Batch GAC NO3 BrO3 Dissolved Water
series dosage dosage dosage oxygen source

(g/L) (mg/L) (pg/L) (mg/L)

A 120 12 100 <0.5 FB4
B 200 0 100 <0.5 FB4
C 120 9 100 >8 FB4
D 120 9 100 >8 FB1
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summarized in Table 3. All batch experiments were performed in 2 L and
4 L bottles at room temperature (22-25 °C). For all batch experiments,
GAC was collected from the top 50 cm of the filter bed of the GAC filter
of the O3-STEP® pilot plant at WWTP Horstermeer using a scoop
sampler, and transferred to the laboratory. To enhance mixing condi-
tions, all batches were stirred on a shaker at 150 rpm. All batches were
spiked with 100 pg/L bromate. All batch experiments were conducted in
duplicate.

In batch experiments A and B the influence of the presence of nitrate
on bromate removal under low DO (dissolved oxygen) concentrations
was examined. In batch A, nitrate was spiked (12 mg/L) while in batch B
no nitrate was spiked. Water was taken from sampling port FB4 of the
GAC filter (bottom of the filter, see Fig. 2, water with a low DO). The
average COD concentration of water samples taken from FB4 was 25 mg
O,/L. The DO was further decreased to <0.5 mg/L by sparging nitrogen
gas and sealing the bottles with caps and rubber stoppers to prevent any
gas transfer between the bottles and atmosphere. The batches were
sampled every hour for 8 h.

In batch C the influence of high DO concentrations on nitrate
removal and bromate removal was examined. 9 mg/L nitrate was spiked
to this series. As this batch was compared with batch A, also for batch C
water was taken from FB4 (bottom of the filter). The DO concentration
was kept above 8 mg/L by using aeration stones. The batches were
sampled every 15 min for a period of 2 h.

In batch D, the influence of methanol on nitrate and bromate
removal under oxic conditions was examined. Water was taken from
sampling port FB1 of the GAC filter (top of the filter). The average COD
level of water samples taken from FB1 was 70 mg Os/L. The higher
methanol concentration in this water from sampling port FB1 accounted
for the higher COD concentration in sampling port FB1 compared to
sampling port FB4. The aeration method was the same as in series C and
the DO concentration was kept above 8 mg/L. The batches were sampled
every hour for 8 h.

Because batch series A, C and D were spiked with nitrate, less GAC
containing biomass was used as compared to batch series B (no nitrate
spiking), 120 g/L and 200 g/L respectively. In a preliminary experiment
nitrate spiking in combination with a GAC dosage of 200 g/L showed too
rapid nitrate consumption in the time span of 8 h.

Water samples from the batches were analysed for Br~, NO3, NO3
and COD concentrations. The bromide concentration was used in the
batch experiments as the indicator for bromate reduction. Previous
studies suggest that bromide can be produced by bacteria almost stoi-
chiometrically from bromate reduction [31,38]. To verify this hypoth-
esis, bromate concentrations were measured for series A. This analysis
showed that increased bromide concentrations accounted for 77 % of
the decreased bromate concentrations, as can be seen in Table S2.1
(Supplemental Information 2). Either there may have been some
bromate adsorption on the GAC, or intermediate products may have
been formed during biological bromate reduction, such as BrOz [27].
However, bromate adsorption is very unlikely as the GAC filter was
already in operation for one year at the time of this research, without
reactivation. Huang et al. [39] reported that already after an operational
period of 9 months no bromate removal was observed in a GAC filter.
Thus, most likely the increase in bromide concentration resulted from
biological bromate reduction and hence bromide was used as indicator
for biological bromate reduction.

2.3. Chemicals

Sodium bromate (NaBrOs) and potassium nitrate (KNO3) reagents
were used to prepare the spiking solutions. Both were purchased from
Sigma Aldrich (St. Louis, MO, United States) and were of analytical
grade. The spike solutions were prepared using ultrapure water pro-
duced by a Mill-Q Gradient water purification system (18 MQ-cm,
Veolia). Pure nitrogen gas was used for flushing the wastewater to
reduce the DO level to <0.1 mg/L.

Journal of Water Process Engineering 58 (2024) 104877
2.4. Analytical methods

DO measurements were conducted in aqueous phases and were
analysed onsite or directly from the samples taken from the batches with
a multimeter (Multi 340i WTW, Germany). DO in the filter column was
measured in a way that prevented the aeration created by the water flow
from the sampling port to the containers. The DO probe was placed
diagonally in a beaker and measured continuously for 10 min while the
water was flowing through the beaker. Values were recorded after 10
min. The bromate concentration was analysed by Het Water-
laboratorium (Haarlem, The Netherlands) using ion chromatography
(IC), following the procedure described by NEN-EN-ISO 11206. The
detection limit was 0.2 pg/L. COD concentrations were analysed using a
HACH Lange DR3900 spectrophotometer using HACH Kkits. Nitrate, ni-
trite and bromide concentrations were analysed using a ProfIC 15 -
AnCat ion chromatography (Metrohm 881 anion suppressed system)
(Metrohm, Switzerland) in the Waterlab of the faculty of Civil Engi-
neering and Geosciences, Delft University of Technology. The A Supp
150/4.0 anion column was used for the anion measurement with 3.2
mM NayCO3 and 1 mM NaHCOs3 eluent (runs at 0.7 mL/min). The
suppressor was fed with 50 mM H3SO4 reagent. A 100 pL sample loop
was used. All samples analysed with the IC were filtered through 0.45
pm filters (Whatman, Germany) before analysis. The conductivity data
were translated to concentration using the MagIC Net software.

3. Results
3.1. Nitrate and bromate removal in the GAC filter

Fig. 3 shows the bromate concentrations after ozonation at an ozone
dose of 0.4 gO3/g DOC and after the GAC filtration, over a period of 11
months. In this period, the GAC filter was operated under denitrifying
conditions and similar redox conditions as during the subsequent sam-
pling campaigns to create DO, NO3, NO; and BrOj3 profiles over the
filter height. A clear decrease in bromate was observed. Based on this
decrease, two sampling campaigns were performed at an elevated ozone
dose of 1.1 g O3/g DOC. The elevated ozone dose was applied to enhance
bromate formation during ozonation.

To assess the removal of nitrate and bromate in the GAC filter bed,
concentration profiles were measured along a gradient. Concentration
profiles over the GAC filter bed height were measured 30 min before
backwashing (PreBW) and 20 min after backwashing (PostBW). Fig. 4(l,
11, IIT) shows the profiles of DO, nitrite and nitrate. Oxygen concentra-
tions in the influent and in the supernatant water were very high, up to

3.5

—&— After ozonation
(0.4 g O3/g DOC)

—&— After GAC filtration

3.0 r

25

20

15 ¢

BrO; (ug/L)

10 r

0.5

T
-
N

- - = = - N N N N o

AEEEEEEEEEE

3 3 3 2 § &8 @ 8 o & 2 &

< 0 Z B T k& = =
Date

Fig. 3. Bromate concentrations after ozonation and after GAC filtration in the
O3-STEP® pilot plant at an ozone dose of 0.4 g O3/g DOC.
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Fig. 4. Concentration profiles over the height of the GAC filter of the O3-STEP® pilot plant at WWTP Horstermeer: (I) DO; (II) nitrite; (III) nitrate and (IV) bromate
profiles before (PreBW) and after (PostBW) a backwash. The grey dash lines represent the height of the top surface of the GAC filter bed. Above this line is the

supernatant water and below this line the GAC filter bed.

22 mg/L due to the preceding ozonation. Two sections could be distin-
guished in the filter bed: an oxic zone from 145 cm to 200 cm where
oxygen decreased from relatively high concentrations to 1.65 mg/L, and
an anoxic zone from 0 to 145 cm. The supernatant from 200 to 300 cm
also contained high oxygen concentrations, although DO did decrease in
the supernatant, probably due to biological activity. Nitrate concentra-
tions also decreased in the supernatant, as well as in the oxic zone
despite the presence of oxygen. 59 % of the influent nitrate was removed
in the supernatant and the oxic zone, while in the anoxic zone nitrate
was further decreased to the detection limit. Nitrite, as intermediate
product of denitrification, was formed up to a concentration of 235 pg/L
and then decreases to O in the filter effluent.

Fig. 4(I1I, IV) shows the nitrate profiles and bromate profiles over the
GAC filter bed before and after a backwash. When comparing the
bromate profile with the nitrate profile, significant similarities in their
trends were found. Like nitrate concentrations, bromate concentrations
kept decreasing over the filter height, and an average of 65 % was
removed in the GAC filter.

3.2. Bromate and nitrate removal in batch experiments

In batch experiments A and B the influence of the presence of nitrate

A

on bromate removal under low DO concentration was examined. Fig. 5
shows the nitrate removal and bromide formation as indicator for bio-
logical bromate removal in batch experiments A and B. In both the DO
was below 0.5 mg/L. In batch A, both nitrate and bromate were present
while in batch B only bromate was present.

Bromide formation profiles in batch experiments A and B were
similar. In the absence of nitrate, bromide formation in the first 60 min
in batch B was almost the same as in batch A, 22 pg/L (corrected for the
higher GAC dosage in batch B (200 g/L instead of 120 g/L) by a factor
120/200) and 19 pg/L respectively. The maximum bromide formation
after 300 min was also similar for batch experiments B and A, 31 pg/L
(corrected for the higher GAC dosage in batch B) and 35 pg/L respec-
tively. Thus, the presence of nitrate did not affect the bromide forma-
tion. A decrease in bromide concentrations was observed from the 5th to
7th hour in both batches.

In batch experiments A and C the influence of high DO concentra-
tions on nitrate and bromate removal was examined. Fig. 6 shows the
nitrate removal and bromide formation in batch experiments A (anoxic)
and C (oxic at a DO >8 mg/L). In both batches nitrate and bromate were
added. The bromide profiles in batch experiments A and C during the
first 2 h were similar, but under anoxic conditions (A) bromide forma-
tion was 26 pg/L while under oxic conditions (C) bromide formation was

B
15

—a—Br
—A—NO,

280

260

Br' (ug/L)

240

h

—a—Br

0 60 120 180 240 300 360 420

Time (min)

480 0

1 1 L 1 'l L D
60 120 180 240 300 360 420 480

Time (min)

Fig. 5. Nitrate removal and bromide formation in batch experiments A and B at a DO concentration < 0.5 mg/L. Batch A was spiked with nitrate and bromate, batch

B was spiked with only bromate.
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Fig. 6. Nitrate removal and bromide formation in batch experiments A and C. Both batches A and C were spiked with nitrate and bromate, batch A was anoxic (DO

<0.5 mg/L), batch C was oxic (DO >8 mg/L).

slightly lower, 19 pg/L. Also, the nitrate removal under oxic conditions
(C) appeared to be lower than under anoxic conditions (A) during the
first 2 h, 4.9 mg/L and 9.5 mg/L respectively. Thus, anoxic conditions
resulted in higher bromide formation and higher nitrate removal.

In batch experiments C and D the role of an additional carbon source
on nitrate and bromate removal under oxic conditions was examined.
Fig. 7 compares nitrate removal and bromide formation in batch ex-
periments C and D. Both were operated under oxic conditions with a DO
>8 mg/L, but in batch D methanol was added as additional carbon
source.

In the presence of methanol bromide formation was higher in the
first 2 h. In batch C (without methanol addition) bromide formation was
19 pg/L while in batch D (with methanol addition) it was 56 pg/L. Ni-
trate removal in the presence of methanol in the first 2 h was also higher:
4.9 mg/L without methanol addition (batch C) and 9.7 mg/L with
methanol addition (batch D). Methanol addition both enhanced bromide
formation and nitrate removal.

4. Discussion

It is commonly accepted that denitrification predominantly occurs
under anoxic conditions [40-42]. Previous studies on biological

C

bromate removal suggest a strong connection with the denitrification
process [28,43-46]. In addition, many studies have demonstrated that
bromate reduction occurs when the nitrate concentration is low
[27,28,33]. The findings in this study were not all in agreement with
these observations of other studies.

4.1. Nitrate removal in the presence of oxygen

In contrast to previous research, the nitrate and DO profiles along a
gradient of the GAC filter clearly indicate nitrate removal in the super-
natant and in the oxic zone of the filter bed (top 145-200 cm), from 15
mg/L to 5.5 mg/L (Fig. 4). Nitrate concentrations further decreased to
below the detection limit in the anoxic zone of the GAC filter (bottom
145 cm). A similar phenomenon was observed in batch experiments C
and D (Figs. 6 and 7): in these experiments denitrification took place at a
DO concentration > 8 mg/L when GAC from the top 50 cm of the GAC
filter (the oxic zone) was incubated with water from the GAC filter
spiked with nitrate. However, DO slightly inhibited denitrification and
bromide formation. During the first 2 h, in batch C (oxic) nitrate removal
was half of the nitrate removal in batch A (anoxic) and bromate for-
mation in batch C was lower as in batch A, 19 pg/L and 26 pg/L
respectively (Fig. 6). Almost complete removal of approximately 10 mg/
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Fig. 7. Nitrate removal and bromide formation in batch experiments C and D. Both batches C and D contained nitrate and bromate and were oxic (DO >8 mg/L), in

batch D methanol was added.
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L nitrate was achieved in aerated water within 3 h in batch experiment D
(Fig. 7). The additional methanol in batch D resulted in a twice as high
nitrate removal in batch D compared to batch C during the first 2 h, and
also a higher bromide formation, 56 pg/L in batch D and 19 pg/L in
batch C. Five hypotheses may explain the nitrate removal under oxic
conditions. Firstly, nitrate may have functioned as a nitrogen source for
aerobic cell growth, particularly in the absence of ammonium [47]. In
the GAC filter of the O3-STEP® pilot plant, a high methanol dosage is
required to compensate for the high oxygen concentration following
ozonation and to create anoxic conditions. Aerobic biomass uses meth-
anol as carbon source and oxygen as electron accepter. In the GAC filter,
the rate of nitrate removal slowed down at a height of 150 cm, corre-
lating with the deceleration of oxygen depletion. Given that aerobic
bacterial growth typically exhibits higher rates compared to anaerobic
growth, it is reasonable to consider that the higher nitrate consumption
rate observed in the aerobic zone might have resulted from nitrogen
serving as a nitrogen source for aerobic cell growth. However, the
exclusive utilization of nitrate for aerobic cell growth in the filter's
aerobic zone would necessitate an exceptionally high bacterial growth
rate of 250 mg VSS/(L-h) (volatile suspended solids). Such a high growth
rate conflicts with the actual bacterial growth rate observed in the filter
(calculation included in the Supplemental Information 3). A second
explanation may be that nitrate was adsorbed on the GAC. However, as
with bromate, adsorption is very unlikely to occur, especially after a
prolonged running time of the GAC filter [32,39]. Wang et al. [48]
conducted a study using scanning electron microscope (SEM) photo-
graphs of virgin GAC surface and GAC surface after one and eight years
of operation. The results revealed that only a few pores were discernible
on the GAC surface after one and eight years of use. This suggests that
biological conversion, rather than adsorption, played a dominant role in
water quality purification after one year of operation. A third explana-
tion for denitrification in the supernatant and in the oxic zone of the
GAC filter, and in batch experiments C and D at a high DO level, may be
depletion of oxygen within the biofilm that grows around the GAC
granules. Fig. 8 shows a microscopic photograph of the cross-section of
an activated carbon granule from the oxic zone of the GAC filter of the
O3-STEP® pilot plant at WWTP Horstermeer. Possibly the outside layer
of the biofilm creates an anoxic environment closer to the granule, that
facilitates nitrate utilization by denitrifying bacteria. These granules
were also used in the batch experiments. In accordance, this mechanism
of oxygen depletion in biofilms has been observed in previous studies

Fig. 8. Cross-section of a GAC granule in the oxic zone of the GAC filter. The
black core of the granule is activated carbon with a diameter of appr. 2 mm. The
pink-brownish layer surrounding the black core is the biofilm, with a thickness
of appr. 2 mm. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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using GAC filters. For instance, Liang et al. [49] demonstrated denitri-
fication in an immobilized microbial community at DO levels higher
than 6 mg/L. Similarly, denitrification under aerobic conditions was
observed in a draft tube spouted bed reactor with GAC dosage as sup-
porting material for microbial growth [50]. Fig. S4.1 (Supplemental
Information 4) shows that biomass was also present in the supernatant of
the GAC filter as brown granules and on the filter wall, responsible for
oxygen and nitrate consumption in this part of the GAC filter. Also here
depletion of oxygen within the biofilm may have taken place. The higher
nitrate removal and bromide formation in batch C (anoxic) compared to
batch A (oxic) supports the anoxic removal as dominant mechanism.
Also the higher nitrate removal and bromide formation in batch D
(additional methanol) compared to batch C supports the anoxic removal
as dominant mechanism: the additional methanol results in oxygen
depletion and anoxic conditions deeper in the biofilm surrounding the
GAC granules.

The fourth possible explanation for nitrate degradation under aero-
bic conditions is aerobic denitrification. Aerobic denitrification repre-
sents a specific group of bacteria capable of performing denitrification
even in oxygen-rich conditions. This concept was first proposed by
Robertson and Kuenen in 1984 [47]. Some aerobic denitrifying bacteria
have been identified within the genus Pseudomonas, amongst which
species capable of bromate reduction [51,52]. Studies have suggested
that intermittent aeration is necessary to enrich aerobic denitrifying
bacteria [47,51,53,54]. In the GAC filter described in this study, alter-
nating oxic-anoxic conditions were present as the filter was backwashed
every 260 min, and every three backwashes a more intensive backwash
was applied by flushing both water and air from the bottom of the filter.
However, consensus has not yet been reached on the mechanisms of
aerobic denitrification [55]. A fifth explanation may be that denitrifying
bacteria (and their active enzymes) were mixed through the entire filter
during the frequent backwashing. However, there was a stratification in
the GAC filter bed: on top large granules with a thick biofilm and rela-
tively low density due to excessive biomass growth (oxygen consump-
tion by aerobic heterotrophic bacteria, also visible in Fig. 4(I)), in the
deeper layers carbon granules covered with much less biofilm and thus a
higher density. The biofilm morphology and size of the granules from
the oxic zone and anoxic zone are shown in the Supplemental Infor-
mation S4 (Fig. S4.2). After backwashing still a stratification was pre-
sent. Therefore, complete mixing after backwashing was not the case.
Based on these considerations, the third explanation of oxygen depletion
within the biofilm seems plausible for the denitrification under oxic
conditions, but additional research is necessary to exclude aerobic
denitrification.

4.2. Effect of water quality parameters on bromate reduction

4.2.1. Influence of nitrate on bromate reduction

Both in the GAC filter experiments (Fig. 4(IV)) and in the batch ex-
periments (Figs. 5 and 6) bromate removal c.q. bromide formation took
place in the presence of nitrate, while some studies showed that the
absence of nitrate is required. The bromate removal measured in the
GAC filter of the O3-STEP® pilot plant over an 11-months period (Fig. 3)
suggests that the bromate removal is sustainable. With respect to the
batch experiments, bromate removal c.q. bromide formation in the
presence of nitrate was both the case for anoxic (Fig. 5) and oxic con-
ditions (Fig. 6). In literature, the effect of nitrate on biological bromate
reduction is not conclusive. In many studies of biological bromate
reduction by denitrifying bacteria nitrate was found to inhibit bromate
reduction [27,28,36]. In the batch experiments described in this study,
in which only bromate was added, bromate removal was observed
without the presence of nitrate. However, the experiments were per-
formed with fresh biomass from the GAC filter, hence no conclusion can
be drawn on the bromate removal capacity in the long-term absence of
nitrate. Also related to a managed aquifer recharge system, Hiibner et al.
[29] studied the simultaneous consumption of nitrate and bromate in
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anoxic columns. No effect of nitrate concentration on the removal of
bromate was observed, both at high (22 mg/L) and low (4 mg/L) nitrate
concentrations. In the GAC filter described in this study, the bromate
reduction rate remained relatively constant, even as the nitrate con-
centration decreased (Fig. 4). In the batch experiments the bromide
formation profiles were similar, and the bromide formation in the first
60 min in batch experiment A (where nitrate was present) was very
similar to batch experiment B (where nitrate was not present): 19 pg/L
and 22 pg bromide/L (corrected for the higher GAC dosage in batch B)
respectively. In addition, the maximum bromide formation was very
similar in batch experiments A and B, 35 pg/L and 31 pg/L (corrected for
the higher GAC dosage in batch B) respectively. The similarity shows
that the presence of nitrate did not seem to inhibit bromate reduction.

4.2.2. Influence of DO on bromate reduction

In the GAC filter of the O3-STEP®pilot plant, the DO concentration
did not seem to affect bromate removal. Bromate concentrations
decreased both in the oxic zone (top 145-200 cm) and in the anoxic zone
(bottom 0-145 cm), although the removal rate was slightly higher in the
anoxic zone, especially for the pre-backwash profile (Fig. 4). In the batch
experiments, the anoxic group (A) showed a bromide formation of 26
pg/L after the first 2 h while under oxic conditions (C) bromide forma-
tion was a lower, 19 pg/L. This may indicate a partial inhibitory effect of
DO on bromate reduction. The literature indicates that bromate removal
is possible in the presence of DO and also indicates the importance of the
level of DO and the presence of a carbon source. For instance, Kirisits
et al. [36] studied an aerobic BAC filter for drinking water treatment and
observed that the bromate removal decreased from 40 % to 11 % when
DO was increased from 2.1 to 13.6 mg/L, indicating a negative impact of
DO on bromate reduction. Liu et al. [52] showed that almost complete
bromate removal was achieved on influent containing bromate (as 60
pg/L Br™) under high DO conditions (8.0 mg/L) when sodium acetate (1
mg/L) was added as exogeneous carbon source. DO was reduced from 8
mg/L in the influent to 5.5-6.0 mg/L in the effluent, so oxic conditions
prevailed. No bromate removal was observed in a control system in
which the BAC had been sterilized before the start-up. This means that
the bromate was biologically reduced to bromide in the BAC filter, most
likely in anoxic zones within the filter, e.g. in the deeper biofilm sur-
rounding the GAC granules. The carbon source supplied in the influent
was utilized as the electron donor for both the reduction of oxygen and
bromate.

4.2.3. Influence of methanol on bromate removal under oxic conditions

The addition of methanol increased the bromide formation (i.e.
increased bromate reduction) in batch experiment D under oxic condi-
tions. As Fig. 7 shows, when methanol was added bromide formation
reached 56 pg/L (batch D) after the first 2 h while without methanol
addition (batch C, oxic conditions) bromide formation reached only 19
pg/L. Methanol addition also had a positive effect on the denitrification.
These findings are supported by results of Wang et al. [28], who
observed a slight but significantly higher nitrate and bromate reduction
in batch and column experiments through the addition of acetate as
carbon source. Kirisits et al. [36] showed that the increase in DOC as
result of addition of on external carbon source resulted in an increased
bromate reduction in a BAC filter. The promoting effect of added
methanol in the experiments performed in this study may be attributed
to the increased availability of electron donors in the batches, allowing
for increased reduction of the electron acceptors bromate and nitrate.
Addition of methanol enhances both denitrification and bromate
reduction, but will result in additional operational costs in practice. This
has been evaluated for a full-scale application of the O3-STEP® process
(Supplemental Information S5).

5. Conclusions

This study focused on the removal of bromate, formed during
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ozonation, in a denitrifying GAC filter following ozonation. The com-
bination of ozonation and GAC filtration is applied in the O3-STEP®
process, used for removal of nutrients, suspended solids and OMPs from
WWTP effluent. The risk of bromate formation during the ozonation
may limit the application of this process in practice due to strict regu-
lations for bromate in surface waters, which complicates discharge of
treated effluent that contains bromate. In the column and batch exper-
iments described in this study, denitrification took place both under oxic
and anoxic conditions. Depletion of oxygen within the biofilm sur-
rounding the GAC granules most probably is the reason for denitrifica-
tion under oxic bulk conditions, although aerobic denitrification cannot
be excluded. The presence of nitrate did not affect bromate removal,
whereas the presence of DO had a slight inhibitory effect on bromate
removal and nitrate removal. Increase of methanol addition increased
both the nitrate and bromate removal, which is hypothesized to occur
through an increased availability of electron donors in the water. Ozone
- granular activated carbon filtration is an effective process for OMP
removal from secondary WWTP effluent as it combines oxidation and
adsorption. The denitrifying GAC filter, present in the O3-STEP® pro-
cess, removes bromate and thus mitigates bromate formation during
ozonation. This expands the potential of this process for full scale
application. However, this bromate mitigation solution is only appli-
cable in case simultaneous denitrification is required, and should be
balanced against additional costs due to the methanol dosing and a more
frequent backwashing of the GAC filter due to biomass production. In
addition, the formation of oxidation by-products and transformation
products by ozonation, such as NDMA [56-58] has not been addressed
in this study. This formation, and the subsequent removal during GAC
filtration, is a topic for further research into the O3-STEP® process.
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