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Abstract: To remove high concentrations of ammonium from groundwater, pure oxygen and
compressed air were fed into a chemical catalytic filter and the ammonium removal efficiency was
investigated. The experimental results showed that the oxygen content is the critical limiting factor
for ammonium removal. Aeration with 40 mL/min pure oxygen or 100 mL/min compressed air
from the bottom of the filter supplied adequate oxygen and approximately 4.2 mg/L of ammonium
was removed in this process. Moreover, when the aeration device was moved to 1/3 of the height
of the filter bed, the required flow rates of pure oxygen and compressed air decreased further
and the turbidity removal was improved. Pouring ozone gas into the filter system, which can
inactivate bacteria effectively, can also obtain the remarkable ammonium removal, indicating that
ammonium removal was mainly due to the chemical catalytic oxidation in this process rather than the
biodegradation. This study provides a novel method for removing high concentrations of ammonium
from groundwater.
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1. Introduction

Ammonium is one of the major pollutants found in water sources in China, especially in
groundwater [1]. Excessive ammonium in drinking water can cause nitrification in the water distribution
system, leading to many problems including corrosion, aesthetic issues and pH decrease [2,3]. In China,
the maximum permitted concentration of ammonium in drinking water is 0.5 mg/L. Therefore, it is
meaningful to explore various techniques that can efficiently remove ammonium from drinking water.

Breakpoint chlorination is an effective way to remove ammonium from drinking water. It
has low spatial requirement, non-sensitivity to temperature variations and adaptability to existing
facilities. However, it can lead to high chlorine consumption and stimulate the formation of undesirable
chlorinated by-products in the drinking water [4,5]. Biological filter and catalytic oxidation are good
methods to remove ammonium from drinking water [6-9]. However, in biological filtration, the removal
activity is limited at lower temperatures and the deficiency of some required nutrition [10-12]. Therefore,
some measurements should be taken to improve the ammonium removal efficiency in biofiltration.
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An alternative method to biofiltration would be abiotic removal of ammonium, using catalytic
oxidation technology. Traditional catalytic oxidation processes can remove ammonia from municipal
wastewater effectively using platinum and RuO,/Ti anode as catalysts [13-15]. However, these processes
are used rarely in drinking water treatment systems. Recently, studies report that iron—-manganese
co-oxide filter film (MeOy) can remove ammonium from drinking water by chemical catalytic oxidation.
It has good tolerance to low temperatures and requires a shorter start-up time compared to the
conventional biofiltration method, making it a good alternative for ammonium removal from drinking
water [6,8].

The application of chemical catalytic oxidation technology and its mechanism for ammonium
removal has been studied, which showed that ammonium with an average concentration of
approximately 1.5-2.0 mg/L could be removed effectively [7,8]. However, its effectiveness in removing
high concentrations of ammonium has not been investigated. Moreover, the ammonium concentration
in drinking water can be high in China. It can be up to 2-3.9 mg/L in ground water and 1.45-3.89 mg/L
in surface water [9,16-18]. In some cases, it can reach up to 8.4 mg/L in raw water sources [19].
Therefore, exploring new methods to remove high concentrations of ammonium is significant to
environmental engineering.

With respect to the low concentration of ammonium, high concentrations of ammonium are more
difficult to remove based on the limitation of the inadequate dissolve oxygen (DO) concentration in
water sources [19].

DO concentration is generally lower in groundwater than that in surface water and the DO
limitation is more critical for ammonium removal [6,12,19,20]. On the one hand, the impact of
oxygen transfer is a key factor that influences the ammonium removal and some previous researchers
suggested that increasing irrigation velocity could increase the oxygen transfer for satisfying the
metabolic requirements of both heterotrophs and autotrophs [21,22]. On the other hand, the required
oxygen was usually supplied by multi-stage water-dropping and spray aeration in drinking water
treatment processes when the concentration of ammonium was not too high [6,20]. However,
the aeration method mentioned above cannot supply adequate oxygen to meet the required levels of
ammonium oxidation, especially if the ammonium concentration is higher than 2 mg/L. Consequently,
exploring new methods to provide adequate oxygen to remove high concentrations of ammonium
is significant.

Different from the traditional multi-stage water-dropping and spray aeration, aeration with pure
oxygen and compressed air via a microporous aeration set was used in this study to establish a
new way for removing high concentrations of ammonium from groundwater by chemical catalytic
oxidation filter. The effects of aeration types, aeration rates, and aeration position on ammonium or
turbidity removal were investigated. Moreover, ozone, which can inactivate bacteria effectively, was
also fed into the filter system to investigate the role of the abiotic chemical catalytic oxidation and
the characteristics of the filter materials were examined to explore the removal mechanism of high
concentrations of ammonium.

2. Materials and Methods

2.1. Pilot-Scale Filter System

The pilot-scale filter system is shown in Figure 1. It consists of two identical filter columns and
auxiliary equipment such as dosing pumps and aeration devices. The filter columns were made of
plexiglass tubes with an inner diameter of 100 mm and a height of approximately 3.5 m. Quartz
sand coated with iron—-manganese co-oxide filter film (MeOx) for the chemical catalytic oxidation of
ammonium was packed as the filter media, with an effective height of 1.2 m. The diameter of the
filter was 1~2mm. The supporting layer consisted of 300 mm pebbles with a particle size of 4-8 mm.
The maximum permitted head loss was 1.6 m. Compressed air or pure oxygen was dosed into the
filter column by an aeration setup that consisted of three stainless steel tubes with microspores of
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approximately 10 um. The installation site of the aeration setup can be adjusted by connecting it with
a flange plate. Six sampling ports were settled at 10, 20, 30, 50, 60, 100 and 120 cm along the filter
depth. NH4Cl stock solution was dosed into the source water to model the polluted groundwater. The
operational time was one week for each experimental condition. The filtration cycle was approximately
24-48 h. Except special instructions, the filtration rate in this study was 8 m/h. The quality of the
raw water (groundwater) used in this experiment was provided in Table 1. In this study, iron and
manganese were removed easily and the removal efficiency was not influenced significantly by the
aeration. Therefore, the removal of iron and manganese is not discussed yet.
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meter ~setup
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Figure 1. Schematic of the pilot-scale filter.

Table 1. Water quality of the raw water (groundwater) used in the pilot-scale filter system.

Standards for Drinking
Parameters Units Values Water Quality
China (GB5749-2006)
NH,*-N (mg/L) 0.70-1.67 0.5
NO3™-N (mg/L) 0.0-0.3 10
Water temperature O 17.0-22.0 /
pH / 7.50-8.5 6.50-8.5
Turbidity (NTU) 0.80-1.6 1
DO (mg/L) 2.00-3.2 /
CODwin (mg/L) 1.14-1.47 3
Iron (mg/L) 0.70-1.1 0.3
Manganese (mg/L) 1.10-1.56 0.1

“NTU” means nephelometric turbidity unit.

2.2. Effects of Aeration Types

Two different aeration types were used to investigate the feasibility of the removal of high
concentrations of ammonium. In one experiment, pure oxygen and compressed air were fed into
the chemical catalytic oxidation filter system from the bottom layer by the special aeration devices
as described above. In another experiment, oxygen was supplied by water-dropping aeration. The
ammonium removal efficiency of the filter with different aeration types was investigated.

2.3. Effects of the Aeration Rates and Aeration Position

This experiment was designed to explore the relationship between aeration rates, aeration position
and the ammonium removal efficiency. Firstly, the aeration rates of pure oxygen and compressed
air were controlled at 30~50 mL/min and 75~150 mL/min from the bottom, respectively. After that,
the aeration device was moved from the bottom to a position that was 1/3 of the height of the filter bed.
The required aeration rates and removal efficiency of turbidity were investigated.
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2.4. Effects of Filtration Rates

The average filtration rate in other experiments was 8 m/h. In this experiment, filtration rates
were set as 8 m/h, 10 m/h, and 12 m/h and the ammonium removal efficiency was investigated. Each
operational condition lasted for one week.

2.5. Mechanism of Ammonium Removal

To study the removal mechanism of ammonium, the characteristics of the filter materials used in
both the aeration processes were examined. Scanning Electron Microscopy (SEM, ESCALAB 250Xi) was
used to investigate its morphology and energy dispersive spectrometer (EDS) was used to investigate
its element composition. The specific surface area and pore properties of MeOx were evaluated using a
surface area analyzer (BET) (ASAP 2020, Micromeritics Co., Beijing, China). In addition, ozone was also
diffused into the filter from bottom in order to explore the changes in the ammonium removal efficiency.

2.6. Analytical Methods

The concentrations of ammonium, nitrite and nitrate were determined following the Chinese
National Standard Methods [23]. pH and the DO concentration were measured using a portable
instrument (HQ30d, HACH, Loveland, CO, USA).

3. Results and Discussion

3.1. Effects of Aeration Types

The ammonium removal efficiency of the filter with aeration by water-dropping is shown in
Figure 2a. It indicated that ammonium can be removed effectively when its influent concentration was
approximately 1.5 mg/L. However, the effluent ammonium concentration was higher than 0.5 mg/L
when the influent concentration was approximately 2.0 mg/L. Although the influent ammonium
concentrations were different, DO concentration depth profiles were almost identical in both the
procedures. DO concentration at a filter depth of 100-120 cm was 2.66-3.00 mg/L. It indicated that an
oxygen concentration higher than 2.66-3.00 mg/L was required for efficiently removing ammonium in
a chemical catalytic filter. In normal biofiltration, the DO suggested concentration was 2.0 mg/L [24].
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Figure 2. (a) Ammonium removal with aeration by water-dropping; (b) Ammonium removal with
aeration using compressed air and pure oxygen from the bottom of the filter.

Theoretically, to oxidize 1 mg of NH;*-N, 4.57 mg/L of O, will be consumed. Therefore,
the insufficient DO could be the limiting factor for the removal of high concentrations of ammonium.
Using water-dropping aeration, the DO in groundwater could be up to 6-7 mg/L [6,7]. Furthermore,
using some special aerators, the concentration could be higher than 9 mg/L [20]. For surface water,
the DO concentration fluctuated with seasonal variations and was in the range 6.5-12 mg/L [8,12].
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The DO level in these water sources can meet the requirement for the oxidation of ammonium with a
concentration of 1.31-2.63 mg/L theoretically. In this study, ammonium with a concentration higher
than 2 mg/L was suggested as a high concentration.

To supply adequate oxygen for ammonium oxidation, compressed air and pure oxygen were
supplied into the filter column from the bottom of the filter bed. The removal efficiency is shown in
Figure 2b. It indicated that after aeration with pure oxygen and compressed air, the DO concentration
in the filter system increased up to 10.57~16.51 mg/L and 6.64~8.57 mg/L, respectively. Meanwhile,
the corresponding effluent ammonium concentration decreased to less than 0.5 mg/L. It showed that
the DO concentration was the critical limiting factor for ammonium removal and when adequate

oxygen was provided, a chemical catalytic oxidation filter could remove high concentrations of
ammonium effectively.

3.2. Effects of Aeration Rate

The performance of the filter under different aeration intensities is demonstrated in Figure 3. It
shows that when aeration with 40 mL/min of pure oxygen, the ammonium concentration could be
reduced to less than 0.5 mg/L, while 100 mL/min of compressed air was required to obtain a similar
performance. The DO concentration depth profiles in the filter at different aeration intensities (Figure
S1) show that when the flow rates of pure oxygen and compressed air were 30 mL/min and 75 mL/min,
respectively, the DO concentrations were much lower than that higher aeration intensity. Therefore,
ammonium could not be removed effectively with these aeration intensities.
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Figure 3. Ammonium removal with different aeration intensities: (a) pure oxygen and (b)
compressed air.

When compressed air aeration rate was 100 mL/min, the DO concentration decreased obviously
at 0~20 cm filter depth and, after that, it increased with the filter depth. On the other hand, for aeration
with pure oxygen at 40 mL/min, just a slight decrease in the DO concentration was detected at 0~20 cm
filter depth and a high DO concentration was sustained in the whole filter bed. It suggests that the
supplying oxygen capability of the 40 mL/min pure oxygen was higher than 100 mL/min compressed
air and even approximate to 150 mL/min compressed air. However, the ammonium removal efficiency
with 40 mL/min pure oxygen was slightly lower than that with compressed air under 100 mL/min. The
reason for this may be that the higher gas flow rates can promote ammonium and oxygen transfer to
the surface of iron-manganese co-oxide filter film coated on the filter sands. These results were similar
to the phenomenon in biofilters [21,22].

3.3. Effects of Filtration Velocity

The ammonium removal efficiency with different filtration velocities is shown in Figure 4. The
ammonium concentration could be reduced to less than 0.5 mg/L when the filtration velocity was lower



Int. |. Environ. Res. Public Health 2019, 16, 3989 6 of 12

than 10 m/h when aerated with pure oxygen as well as compressed air. In general, the filtration velocity
of the trickling filter and biological aerated filter (BAF) is 2.2-10 m/h [25-27] and 3.56-6.4 m/h [9,28],
respectively. This indicated that chemical catalytic filters have some advantages over the traditional
biofilter in operational loading rates.

Ammonium (mg/L)
Ammonium (mg/L)

0 20 40 60 80 100 120
Filter depth (cm) Filter depth (cm)

Figure 4. Ammonium removal with different filtration velocities: (a) pure oxygenand (b) compressed air.
3.4. Effects of Aeration on the Turbidity of the Effluent Water

Variations in the turbidity depth profiles with different aeration methods are shown in Figure 5.
These suggests that turbidity was removed effectively with the aeration of pure oxygen as well as
compressed air. However, it could be better removed with the pure oxygen aeration than that with the
air aeration. The reason was attributed to the fact that the required aeration rate of pure oxygen was
much lower than compressed air (i.e., 40 mL/min and 100 mL/min, respectively, in this study).
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Figure 5. Concentration depth profiles of turbidity with aeration (40 mL/min pure oxygen and
100 mL/min compressed air).

3.5. Effects of Aeration Position

Aeration position plays a critical role in ammonium removal. Figure 6 gives the ammonium
removal efficiency at different aeration positions. When aerating from the bottom of the filter bed,
ammonium (approximately 4 mg/L) could not be removed to less than 0.5 mg/L. However, when
the aeration position was moved to 1/3 of the height of the filter bed, ammonium could be removed
efficiently to meet the drinking water standards in China. DO concentration profiles with aeration at
1/3 of the height of the filter bed (Figure S2) are obviously different from the profiles with aeration
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from the bottom of the filter bed (Figure S1). The DO concentration in this process increased with filter
depth (7.96-16.75 mg/L, with pure oxygen) or was sustained at a high level in the whole filter bed
(7.45-8.8 mg/L, with compressed air). This indicated that aeration at 1/3 of the height of the filter bed
has more efficiency than aeration from the bottom. In the filter system, ammonium concentration was
higher in the upper part of the filter bed. Therefore, more oxygen was required. When the aeration
position was moved to 1/3 of the height of the filter bed, the whole interaction time of the gas with
water decreased. However, more oxygen could to be provided to strengthen ammonium removal
in the upper part of the filter bed. This conclusion can be drawn from the difference in the oxygen
concentration in the 0-60 cm filter bed with different aeration positions (Figures S1 and S2).
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Figure 6. Ammonium removal efficiency with aeration at different positions: (a) aeration from the
bottom and (b) aeration from 1/3 of the height of the filter bed (40 mL/min pure oxygen and 100 mL/min
compressed air).

3.6. Ammonium Removal Mechanism

To study the mechanism of ammonium removal when aerated with pure oxygen and compressed
air, the morphology, element composition and specific area of the iron—-manganese co-oxide filter film
were examined.

The experimental results showed that the morphology of the iron—-manganese co-oxide filter
film in both the aeration cases and the original was almost the same (Figure 7) and was porous and
sponge-like. The major elements composition of MeOy is shown in Table 2. It indicated that after
aeration with pure oxygen and compressed air, the major elements in MeO, are almost the same as
those in the original MeOy. The specific surface area of the MeOy-coated sand is shown in Table S1. It
shows that the specific area and pore characteristic of the MeOy-coated sand do not obviously change
after aeration with pure oxygen and compressed air. These unchanged characteristics indicate that
pure oxygen and compressed air improved ammonium removal by just providing adequate oxygen
and did not change the mechanism of ammonium removal. Ozone experiments showed that fed
ozone into the filter from the bottom of the filter bed could also improve ammonium removal just like
pure oxygen and compressed air. On the one hand, ozone poured into the filter can transfer to be
oxygen, which improved the ammonium removal efficiency. On the other hand, ozone can inactivate
bacteria effectively (Figure S3). Moreover, it can be seen from Table S2 that the increase in nitrate
concentration was similar to the concentration of the removed ammonium (the concentration of nitrite
was relatively lower and was ignored). Therefore, the removed ammonium should be mainly oxidized
by the chemical catalytic oxidation rather than be adsorbed. This conclusion was consistent with the
results of previous study [6]. In the present study, two mechanisms have been proposed for the catalytic
oxidation reaction and these were summarized [8]. One possible mechanism is that reactive oxygen
species are formed that oxidize NH4* to NO3;~ when oxygen is adsorbed on the MnOy surface [6].
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Another possible mechanism is that NH4 " is oxidized directly by Mn(IV) or Mn(IIl) present in the
filter film, resulting in the formation of NO3~. In this process, Mn(II) would be produced, followed by

oxidation via self-catalyzed oxidation by MnOy [7].

15.0kV SEI

Figure 7. Scanning Electron Microscopy (SEM) images of the filter materials: (a) original, (b) aeration

with pure oxygen, and (c) aeration with compressed air.

Table 2. The major elements composition of MeOx.

wit%
Elements . . Aeration with Aeration with
Original .
Pure Oxygen Compressed Air
(@) 14.51 13.54 13.24
Al 1.12 0.72 0.72
Ca 5.21 6.14 4.92
Mn 74 76.4 77.01
Fe 5.16 3.2 4.11

3.7. Comparison with Other Studies

Generally, trickling filters and biological aerated filters (BAFs) are used to remove high
concentrations of ammonium from drinking water [5,25,27,29]. The experimental results from
some of the relevant studies are summarized in Table 3.

A biofiltration unit at a pressure of 2 bars was used for groundwater treatment in a previous study.
Although the concentration of oxygen in this system was up to 16-17 mg/L and efficiently removed the
ammonium, a closed biofilter with stainless steel was required [30] and the construction cost of this

system is high.
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Table 3. Comparison of ammonium removal efficiency between previous and current studies.

Filter DO in . Ammonium Removal
Treatment Type of . Aeration = Temperature | . .
Svstem Water Media Effluent Types ©C) in Influent  Efficiency
y Types (mg/L) M (mg/L) (%)
Aeration
e watentor MeOcoted bottom
[This drinking onscilrllzrtz 7.45~8.8 and the 1/3 17~22 4.2 95.23
study] water of the filter
bed
Pilot plant Ground Aeration
with at a wa.ter.for Quartz 16-17 ata 146 262 100
pressure of  drinking sand pressure of
2 bars [30] water 2 bars
Pilot-scale vf:tfj ?cir Natural
trickling Gravel 7~8 s 20 2 77.3~100
. Potable ventilation
filters [26]
water
Aeration
Sequence Surface form the
Batch BAF  water for Poly-propylene  4.68 bottom / 9.8 98.4
system Drinking Of the
[31] water filter
Continuous Surface Aeration
flow full water for Lava form the
Scale BAF Drinking particles >7 bottom of 8.6~10.8 290+0.96  77.52-92.62
[9] water the filter
GAC-sand Surface By
dualmedia  Water for - GACand 4 75 jeration / 0.74~53  39.77~99.32
biofilters drinking sand
tank
[19] water

“GAC” means granular activated carbon.

The size of the filter materials in trickling filters is usually larger than that in GAC (granular
activated carbon) filters and rapid sand filters [26,30,32] and water in trickling filters was partially
filled pipe-flow to ensure adequate oxygen can be supplied. There are some drawbacks in trickling
filter treatment process—for example, the rotating distributor for water distribution can cause slower
water flow rates, clogging problems, and easily hit filter media [33] and a large area is needed to
construct the treatment system. In BAFs, oxygen is supplied by aeration from the bottom of the filter.
The removal efficiency is decided by the influent ammonium concentration and aeration rates [31,33].
Furthermore, as typical biological treatment processes, the removal efficiency of both the trickling filter
and BAF were influenced by the nutrition, organic carbon loading and temperature [9,34]. To ensure
the ammonium removal efficiency, the filter depth in BAFs and trickling filters should be high—up to
2.4-3.0 m [9,27]—which may also increase the construction cost. Moreover, limited by the biological
risk and the turbidity of the effluent water, these treatment processes are usually used as pretreatment
technologies in the whole drinking water treatment flow [9,27].

The chemical catalytic oxidation filter system can remove high concentrations of ammonium
from drinking water effectively (Figures 3, 4 and 6). Additionally, it can also efficiently reduce water
turbidity (Figure 5). Therefore, it can be used as the end treatment process, especially when the
aeration point was transferred to 1/3 of the height of the filter bed. Furthermore, ammonium removal
by chemical catalytic oxidation may have a lower risk of biological contamination compared to the
traditional biological process.
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4. Conclusions

This study investigated the efficiency of chemical catalytic oxidation filter systems to remove high
concentrations of ammonium from drinking water using a pilot-scale filter system. The following
conclusions were drawn:

(1) The removal efficiency is mainly limited by the content of dissolved oxygen in treated water.
By aeration with pure oxygen and compressed air, high concentrations of ammonium can be
removed effectively, and the suggested operational flow rates were 100 mL/min compressed air
and 40 mL/min pure oxygen.

(2) Compared with aeration from the bottom, aeration at a position of 1/3 of the height of the filter
bed can lower the required aeration rates and strengthened turbidity removal.

(3) Pure oxygen and compressed air can provide adequate oxygen without changing the mechanism
of ammonium removal. In this process, ammonium was removed mainly by chemical
catalytic oxidation.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/16/20/3989/s1,
Figure S1: Dissolved oxygen (DO) concentration depth profiles (aeration from the bottom of the filter bed) with
different intensities of aeration, Figure S2: The DO concentration depth profiles with aeration at 1/3 of the height of
the filter bed, Figure S3: Ammonium removal efficiency with aeration using ozone, Table S1: The specific surface
area of the MeOx coated sand, Table S2: Concentration of NH,* and NOj™ in aeration with air, pure oxygen
and ozone.

Author Contributions: Conceptualization, W.Z., R.Z., TH. and G.W.; Data curation, R.Z. and Y.Y.; Formal analysis,
W.Z. and Y.Y.; Funding acquisition, T.H.; Investigation, W.Z. and Y.Y.; Project administration, T.H. and G.W.;
Writing—original draft, W.Z.; Writing—review and editing, R.Z., TH. and G.W.

Acknowledgments: This work was supported by the National Key Research and Development Program of China
(2016 YFC0400706), the National Natural Science Foundation of China (No. 51778521), and the Shaanxi Science
Fund for Distinguished Young Scholars (No. 2018]C-026), the Youth Innovation Team of Shaanxi Universities.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Ministry of Ecology and Environment of China. Bulletin on China’s Ecological Environment in 2018. Available
online: http://www.mee.gov.cn/home/jrtt_1/201905/t20190529_704841.shtml (accessed on 29 May 2019).

2. Kooij, D.V.D.; Hijnen, W.A.M.; Kruithof, ].C. The Effects of Ozonation, Biological Filtration and Distribution
on the Concentration of Easily Assimilable Organic Carbon (AOC) in Drinking Water. Ozone Sci. Eng. 1989,
11,297-311. [CrossRef]

3.  Rittmann, B,; Tang, Y.; Meyer, K.; Bellamy, W. Biological Processes. In Water Treatment Plant Design; American
Water Works Association: Denver, CO, USA, 2012; Chapter 17.

4. Choi, ].; Valentine, R.L. Formation of N-nitrosodimethylamine (NDMA) from reaction of monochloramine:
A new disinfection by-product. Water Res. 2002, 36, 817-824. [CrossRef]

5. Huang, J.; Kankanamge, N.R.; Chow, C.; Welsh, D.T.; Li, T.; Teasdale, PR. Removing ammonium from water
and wastewater using cost-effective adsorbents: A review. ]. Environ. Sci. 2018, 63, 174-197. [CrossRef]
[PubMed]

6. Guo, Y,; Huang, T.; Wen, G.; Cao, X. The simultaneous removal of ammonium and manganese from
groundwater by iron-manganese co-oxide filter film: The role of chemical catalytic oxidation for ammonium
removal. Chem. Eng. J. 2016, 308, 322-329. [CrossRef]

7. Cheng, Y.; Huang, T; Sun, Y.; Shi, X. Catalytic oxidation removal of ammonium from groundwater by
manganese oxides filter: Performance and mechanisms. Chem. Eng. J. 2017, 322, 82-89. [CrossRef]

8.  Zhang, R.; Huang, T.; Wen, G.; Chen, Y.; Cao, X.; Zhang, B.; Wang, B. Phosphate dosing to sustain the
ammonium removal activity of an iron-manganese co-oxide filter film at pilot scale: Effects on chemical
catalytic oxidation. Chem. Eng. |. 2018, 344, 1186-1194. [CrossRef]

9. Liu, H.; Zhu, L,; Tian, X,; Yin, Y. Seasonal variation of bacterial community in biological aerated filter for
ammonia removal in drinking water treatment. Water Res. 2017, 123, 668-677. [CrossRef]


http://www.mdpi.com/1660-4601/16/20/3989/s1
http://www.mee.gov.cn/home/jrtt_1/201905/t20190529_704841.shtml
http://dx.doi.org/10.1080/01919518908552443
http://dx.doi.org/10.1016/S0043-1354(01)00303-7
http://dx.doi.org/10.1016/j.jes.2017.09.009
http://www.ncbi.nlm.nih.gov/pubmed/29406102
http://dx.doi.org/10.1016/j.cej.2016.09.073
http://dx.doi.org/10.1016/j.cej.2017.04.010
http://dx.doi.org/10.1016/j.cej.2017.11.010
http://dx.doi.org/10.1016/j.watres.2017.07.018

Int. |. Environ. Res. Public Health 2019, 16, 3989 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Wagner, F.B.; Nielsen, P.B.; Boehansen, R.; Albrechtsen, H.J. Copper deficiency can limit nitrification in
biological rapid sand filters for drinking water production. Water Res. 2016, 95, 280-288. [CrossRef]

De Vet, WW.J.M.; Van Loosdrecht, M.C.M.; Rietveld, L.C. Phosphorus limitation in nitrifying groundwater
filters. Water Res. 2012, 46, 1061-1069. [CrossRef]

Andersson, A.; Laurent, P,; Kihn, A.; Prévost, M.; Servais, P. Impact of temperature on nitrification in
biological activated carbon (BAC) filters used for drinking water treatment. Water Res. 2001, 35, 2923-2934.
[CrossRef]

Scheibe, A.; Lins, U.; Imbihl, R. Kinetics of ammonia oxidation on stepped platinum surfaces. I. Experimental
results. Surf. Sci. 2005, 577, 1-14. [CrossRef]

Rebrov, E.V.; Croon, M.D.; Schouten, J.C. Development of the kinetic model of platinum catalyzed ammonia
oxidation in a microreactor. Chem. Eng. J. 2002, 90, 61-76. [CrossRef]

Liang, L.I; Liu, Y. Ammonia removal in electrochemical oxidation: Mechanism and pseudo-kinetics.
J. Hazard. Mater. 2009, 161, 1010-1016.

Huang, T.-L.; Cao, X.; Zhang, Q.; Su, Z.-M.; Zheng, N. Catalytic oxidation of high-concentration ammonia in
groundwater by a naturally formed co-oxide filter film. Desalin. Water Treat. 2014, 52, 1615-1623. [CrossRef]
Li, D.; Cao, R.; Yang, H,; Wang, Y.; Zeng, H.; Zhang, ]J. Removal mechanism of ammonia nitrogen
in bio-purification process for high iron and manganese removal from low temperature groundwater.
China Environ. Sci. 2017, 37, 2623-2632. (In Chinese)

Feng, S.; Xie, S.; Zhang, X.; Yang, Z.; Wei, D.; Liao, X.; Liu, Y.; Chen, C. Ammonium removal pathways and
microbial community in GAC-sand dual media filter in drinking water treatment. J. Environ. Sci. 2012, 24,
1587-1593. [CrossRef]

Yu, X,; Qi, Z.; Zhang, X.; Yu, P; Liu, B.; Zhang, L.; Fu, L. Nitrogen loss and oxygen paradox in full-scale
biofiltration for drinking water treatment. Water Res. 2007, 41, 1455-1464. [CrossRef] [PubMed]

Lee, C.O.; Boe-Hansen, R.; Musovic, S.; Smets, B.; Albrechtsen, H.J.; Binning, P. Effects of dynamic operating
conditions on nitrification in biological rapid sand filters for drinking water treatment. Water Res. 2014, 64,
226-236. [CrossRef] [PubMed]

Pearce, P.; Williams, S. A Nitrification Model for Mineral-Media Trickling Filters. Water Environ. ]. 2010, 13,
84-92. [CrossRef]

Pearce, P.; Edwards, W. A design model for nitrification on structured cross flow plastic media trickling
filters. Water Environ. J. 2011, 25, 257-265. [CrossRef]

SEPA. Analytical Methods of Water and Wastewater, 4th ed.; China Environmental Science Press: Beijing, China,
2002.

Dong, W.Y.; Wang, H.J.; Li, W.G,; Ying, W.C,; Gan, G.H.; Yang, Y. Effect of DO on simultaneous removal
of carbon and nitrogen by a membrane aeration/filtration combined bioreactor. J. Membr. Sci. 2009, 344,
219-224. [CrossRef]

De Vet, WW.J.M.; Rietveld, L.C.; Van Loosdrecht, M.C.M. Influence of iron on nitrification in full-scale
drinking water trickling filters. J. Water Supply. Res. Technol.-AQUA 2009, 58, 247-256. [CrossRef]
Tekerlekopoulou, A.G.; Vayenas, D.V. Ammonia, iron and manganese removal from potable water using
trickling filters. Desalination 2007, 210, 225-235. [CrossRef]

Akker, B.V.D.; Holmes, M.; Pearce, P.; Cromar, N.J.; Fallowfield, H.J. Structure of nitrifying biofilms in a
high-rate trickling filter designed for potable water pre-treatment. Water Res. 2011, 45, 3489-3498. [CrossRef]
[PubMed]

Han, M.; Zhao, Z.W.; Gao, W.; Cui, EY. Study on the factors affecting simultaneous removal of ammonia and
manganese by pilot-scale biological aerated filter (BAF) for drinking water pre-treatment. Bioresour. Technol.
2013, 145, 17-24. [CrossRef] [PubMed]

Vayenas, D.V,; Lyberatos, G. On the design of nitrifying trickling filters for potable water treatment. Water
Res. 1995, 29, 1079-1084. [CrossRef]

Tembal, T.; Marki, M.; Ribil, N.A.; BriKi, EF; Sipos, L. Removal of ammonia, iron and manganese from
groundwaters of northern Croatia—Pilot plant studies. Process Biochem. 2005, 40, 327-335. [CrossRef]
Hasan, H.A.; Abdullah, S.R.S.; Kamarudin, S.K.; Kofli, N.T. Response surface methodology for optimization of
simultaneous COD, NH4*-N and Mn?* removal from drinking water by biological aerated filter. Desalination
2011, 275, 50-61. [CrossRef]


http://dx.doi.org/10.1016/j.watres.2016.03.025
http://dx.doi.org/10.1016/j.watres.2011.11.075
http://dx.doi.org/10.1016/S0043-1354(00)00579-0
http://dx.doi.org/10.1016/j.susc.2004.12.027
http://dx.doi.org/10.1016/S1385-8947(02)00068-2
http://dx.doi.org/10.1080/19443994.2013.848652
http://dx.doi.org/10.1016/S1001-0742(11)60965-0
http://dx.doi.org/10.1016/j.watres.2007.01.006
http://www.ncbi.nlm.nih.gov/pubmed/17320144
http://dx.doi.org/10.1016/j.watres.2014.07.001
http://www.ncbi.nlm.nih.gov/pubmed/25068473
http://dx.doi.org/10.1111/j.1747-6593.1999.tb01013.x
http://dx.doi.org/10.1111/j.1747-6593.2010.00218.x
http://dx.doi.org/10.1016/j.memsci.2009.08.007
http://dx.doi.org/10.2166/aqua.2009.115
http://dx.doi.org/10.1016/j.desal.2006.05.047
http://dx.doi.org/10.1016/j.watres.2011.04.017
http://www.ncbi.nlm.nih.gov/pubmed/21543100
http://dx.doi.org/10.1016/j.biortech.2013.02.101
http://www.ncbi.nlm.nih.gov/pubmed/23578601
http://dx.doi.org/10.1016/0043-1354(94)00224-U
http://dx.doi.org/10.1016/j.procbio.2004.01.006
http://dx.doi.org/10.1016/j.desal.2011.02.028

Int. |. Environ. Res. Public Health 2019, 16, 3989 12 of 12

32.

33.

34.

Kors, L.J.; Moorman, ].H.N.; Wind, A.PM.; Hoek, ]. P.V.D. Nitrification and low temperature in a raw water
reservoir and rapid sand filters. Water Sci. Technol. 1998, 37, 169-176. [CrossRef]

Hasan, H.A.; Abdullah, S.R.S.; Kamarudin, S.K.; Kofli, N.T. On—off control of aeration time in the simultaneous
removal of ammonia and manganese using a biological aerated filter system. Process Saf. Environ. Prot. 2013,
91, 415-422. [CrossRef]

Boller, M.; Gujer, W. Nitrification in tertiary trickling filters followed by deep-bed filters. Water Res. 1986, 20,
1363-1373. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.2166/wst.1998.0131
http://dx.doi.org/10.1016/j.psep.2012.10.001
http://dx.doi.org/10.1016/0043-1354(86)90134-X
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Pilot-Scale Filter System 
	Effects of Aeration Types 
	Effects of the Aeration Rates and Aeration Position 
	Effects of Filtration Rates 
	Mechanism of Ammonium Removal 
	Analytical Methods 

	Results and Discussion 
	Effects of Aeration Types 
	Effects of Aeration Rate 
	Effects of Filtration Velocity 
	Effects of Aeration on the Turbidity of the Effluent Water 
	Effects of Aeration Position 
	Ammonium Removal Mechanism 
	Comparison with Other Studies 

	Conclusions 
	References

