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Abstract: Granular activated carbon (GAC) has been widely introduced to advanced drinking water
purification plants to remove organic matter and ammonium. Backwashing, which is the routine
practice for GAC maintenance, is an important operational factor influencing the performance of
GAC and its microbial biomass. In this study, the effects of backwashing on the ammonium removal
potential of GAC were evaluated. In addition, abundances of ammonia-oxidizing archaea (AOA)
and ammonia-oxidizing bacteria (AOB) on GAC were analyzed. GAC samples before and after
backwashing were collected from a full-scale drinking water purification plant. Samplings were
conducted before and after implementation of prechlorination of raw water. The results showed
that the ammonium removal potential of the GAC increased by 12% after backwashing before
prechlorination (p < 0.01). After implementing the prechlorination, the ammonium removal potential
of the GAC decreased by 12% even after backwashing (p < 0.01). The AOA was predominant
on the GAC in the two samplings. Regardless of prechlorination, the amounts of the AOA and
the AOB remained at the same level before and after backwashing. Analysis of the backwashing
water indicated that the amounts of the AOA and AOB washed out from the GAC were negligible
(0.08%–0.26%) compared with their original amounts on the GAC. These results revealed the marginal
role of backwashing on the biomass of ammonia oxidizers on GAC. However, the results also
revealed that backwashing could have a negative impact on the ammonium removal potential of
GAC during prechlorination.

Keywords: ammonia-oxidizing archaea; ammonia-oxidizing bacteria; backwashing; ammonium
removal potential; prechlorination; granular activated carbon

1. Introduction

Ozonation followed by granular activated carbon (GAC) has been widely installed in drinking
water purification plants (DWPPs) to improve water quality [1,2]. GAC has a large specific surface
area [3]. While physical adsorption is a major function of GAC, microorganisms proliferating on the
surface of GAC play an important role in water purification [4]. The oxidation of ammonium is one of
its key biological functions. Waterborne ammonium reacts with chlorine to form monochloramine,
which in some countries serves as a long-lasting disinfectant, ensuring pipeline water security [5].
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However, ammonium could further react with excessive chlorine and generate odorous trichloramine
in the finished water under some conditions [6]. In order to produce high-grade drinking water,
trichloramine in finished water must be kept at a nondetectable level (<0.02 mg/L), as required by
the Bureau of Waterworks of the Tokyo Metropolitan Government, Japan. Although several studies
have discussed the operational and environmental factors influencing the nitrification performance of
GAC, such as GAC material, empty bed contact time, GAC aging, backwashing, temperature, and raw
water [1,7–9], the mechanisms of these effects have not been completely revealed, which has hindered
the generalization of the results of these studies to a broad context. Understanding microbial ecology is
the key to solving the current problems in water treatment technology and enhancing its performance,
because microorganisms are always involved and play a key role in the geochemical cycle [10,11].

It is generally accepted that ammonia oxidation is performed by two groups of ammonia-oxidizing
microorganisms: ammonia-oxidizing archaea (AOA) and ammonia-oxidizing bacteria (AOB) [12–14].
Although AOA were discovered only a decade ago, they are considered to play an essential role
in ammonia oxidation, especially in the oligotrophic environment [10,15,16]. The existence and
predominance of AOA on GAC has been reported by several studies [2,17,18]. Moreover, it has been
found that the ammonium concentration is critical for the activities of AOA and AOB on GAC [19].
Ozonation is also a key factor determining the community structure of AOA on GAC [18]. Nevertheless,
the impact of other factors (environmental and operational factors) of water treatment on the existence
and abundance of ammonia oxidizers, as well as the ammonium removal performance of GAC, has
not been well elucidated.

In drinking water treatment, backwashing is a routine practice for GAC maintenance. The purpose
of backwashing is to reduce clogging, head loss, and unwanted organisms in GAC [20]. Meanwhile,
backwashing is an efficient method to maintain the proper biofilm on GAC, because inadequate
backwashing leads to the formation of thick biofilm, which can hinder the access of substrates to the
microorganisms. On the other hand, a thin biofilm may decrease the performance of GAC because
most of the microorganisms will be dislodged by backwashing [21]. Though some studies have
demonstrated the effects of backwashing on the microbial biomass of GAC, inconsistent results have
been obtained [22–24]. Moreover, these results have focused on whole microbial communities, while
the effects of backwashing on ammonia-oxidizing microorganisms, which are the functional microbes
mediating ammonia oxidation, have rarely been studied. To our knowledge, the only existing study on
the impact of backwashing on the nitrifiers of GAC was reported by Laurent et al. [7], and they found
that the biomass of the nitrifiers did not change after backwashing. In fact, there are two groups of
ammonia oxidizers on GAC, and they have been reported to react differently to environmental factors,
such as ammonia concentration and temperature. Therefore, it is necessary to also evaluate the effects
of operational factors such as backwashing on their activities and communities.

When the biological activities of GAC decrease in winter, prechlorination or breakpoint
chlorination is implemented before coagulation/sedimentation to chemically remove ammonium in
the raw water. Moreover, chlorine is an effective disinfectant for controlling microbial activities and
growth in the drinking water system [25]. Kasuga et al. [2] reported that prechlorination had a strong
negative impact on the ammonia oxidation performance of GAC and the abundances of AOA and
AOB on GAC.

In this study, GAC samples were collected from a full-scale DWPP before and after backwashing.
The sampling was performed before and after implementing prechlorination in order to evaluate the
effects of backwashing and prechlorination on the ammonium removal potential of GAC and the
abundances of AOA and AOB associated with GAC. Additionally, the dislodged amounts of AOA and
AOB in the backwashing water were measured. The results of this study are useful for understanding
the nitrification performance of GAC and optimizing a backwashing program.
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2. Materials and Methods

GAC, which had been in use for 19 months, was collected before and after backwashing
from a full-scale DWPP in Tokyo in October 2012. The DWPP purifies river water by
coagulation/sedimentation, primary sand filtration, ozonation, GAC filtration, and secondary sand
filtration. The empty bed contact time of the GAC was 19 min. The GAC was backwashed every
120 hours, and finished water with residual chlorine was used for backwashing. Prechlorination was
implemented when water temperature decreased. After prechlorination began, a similar sampling
was conducted at the same GAC pond in November 2012.

The backwashing program consists of two phases: (1) lower flow of water (20 m3/min and later
30 m3/min) with air scour (60 m3/min) and (2) higher flow of water. The flow rate of backwashing
water changes with time (i.e., 20 m3/min (1–3 min), 30 m3/min (4–10 min), 60 m3/min (11–20 min),
30 m3/min (21–23 min), and 20 m3/min (24–25 min)). Around 2 L of the water samples during
backwashing were collected after 3, 8, 13, and 21 min, respectively. The detailed information of the
backwashing program and the water sampling times is summarized in Table 1.

Table 1. Information regarding the backwashing program and the sampling times of the backwashing
water samples.

Program Time (min) 1–3 4–7 8–10 11–20 21–23 24–25

Air scour (flow rate (m3/min)) 60 60
Finished water with residual chlorine (flow
rate (m3/min)) 20 30 30 60 30 20

Sampling time of backwashing water (minutes
from the beginning of the program) 3 8 8 13 21

The GAC was brought to the laboratory within 1 h, and the ammonium removal potential test
was started immediately according to Niu et al. [18]. The ammonium removal potential of the GAC
was evaluated by incubating 50 g of wet GAC at 20 ◦C in 300 mL of inorganic medium (50 mg/L of
MgSO4·7H2O, 20 mg/L of KH2PO4, 20 mg/L of CaCl2·2H2O, and nonchelated trace elements mixture)
containing 1.4 mg N/L of ammonium for 24 h. This batch experiment was carried out in triplicate, and
a control without ammonium was also included. The supernatant was collected every 15 min and was
filtrated through 0.2-µm pore polytetrafluoroethylene membranes (Advantec, Tokyo, Japan) during
the first hour. The ammonium removal potential was estimated by dividing the ammonium removal
rate by the dry weight of the GAC. The ammonium concentration in the medium and water samples
collected from the effluent of each purification process of DWPP was measured by a spectrophotometer
(U2010, Hitachi, Tokyo, Japan) with the indophenol blue colorimetric method.

DNA from the GAC (around 0.5 g in triplicate) and backwashing water samples (around 2 L)
were extracted by a FastDNA spin kit for soil (MP-Biomedicals, Santa Ana, CA, USA). The exact
weight of the GAC and the volume of water used for the DNA extraction were measured for the
calculation of the amounts of AOA and AOB. The archaeal and bacterial amoA genes were measured
with a LightCycler 480 II (Roche, Basel, Switzerland). The primers, standards, and PCR program used
for quantitative PCR (q-PCR) analysis of the AOA and AOB associated with the GAC and the water
samples followed the method described by Niu et al. [18].

Statistical analysis was performed by using SPSS 19.0.

3. Results and Discussion

3.1. Ammonium Concentration in Raw Water and the Effluents of the DWPP

The ammonium concentrations in the raw water and the effluent of the purification processes
in the DWPP are shown in Figure 1. The concentration was around 0.05 mg N/L in the raw
water of the two samplings (i.e., with or without prechlorination). The significant decreases
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in the ammonium concentrations in the effluents of coagulation/sedimentation (p < 0.01) in the
two samplings were probably due to the effects of physicochemical and electrochemical reactions
during the processes of flocculation and sedimentation [23]. The first significant decrease in the
ammonium concentration after the primary sand filtration (p < 0.01) in Figure 1a should be attributed
to the biological activities of the ammonia-oxidizing microorganisms. However, after starting
prechlorination, because of the disinfection effect of prechlorination, the ammonium concentration
was not reduced by the primary sand filtration. The significant reduction in the ammonium
concentration from coagulation/sedimentation to the GAC effluent was only observed when
prechlorination was not implemented. In addition, there was more ammonium left in the GAC effluent
(0.02 mg N/L) on the sampling after implementing prechlorination compared with the ammonium
concentration (0.01 mg N/L) in the GAC effluent on the sampling before implementing prechlorination.
As prechlorination could chemically remove ammonium in the raw water, the reduction of ammonium
concentration in the effluent of coagulation/sedimentation during the prechlorination period was
higher than that in the coagulation/sedimentation without implementing prechlorination (57% vs.
40%). However, due to the negative impact of chlorine disinfection on microorganisms in the following
purification processes (i.e., primary sand filtration and GAC), ammonium concentration could not be
further reduced.

Figure 1. The ammonium concentration in the raw water and the effluent of the water purification
processes in the two samplings (i.e., without prechlorination (a) and with prechlorination (b)). RW: raw
water, CO: coagulation/sedimentation, PSF: primary sand filtration, OZO: ozonation, GAC: granular
activated carbon, and error bar: the standard deviation.

3.2. Effects of Backwashing on Ammonium Removal Potential of GAC

Figure 2 shows the changes in the ammonium removal potential of GAC before and after
backwashing. Without prechlorination, the ammonium removal potential was 0.040 mg N/L/h/g-dry.
It increased by 12% after backwashing (p < 0.01) in the first sampling. On the other hand,
the removal potential decreased by 12% after backwashing (from 0.048 to 0.042 mg N/L/h/g-dry)
when prechlorination was implemented (p < 0.01).
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Figure 2. The ammonium removal potential of the GAC before (�) and after backwashing ( ) in the
sampling time of “without prechlorination” and “with prechlorination”. BW: backwashing, and error
bar: the standard deviation.

3.3. Effects of Backwashing on Abundances of AOA and AOB Associated with GAC

The quantitative PCR results of the AOA and AOB amoA genes are shown in Figure 3. AOA
was predominant on the GAC in the two samplings (108 gene copies/g-dry of AOA compared with
106 gene copies/g-dry of AOB). Regardless of prechlorination, backwashing did not significantly affect
the amounts of either AOA or AOB (p > 0.01). The results of this study were consistent with the reports
of Laurent et al. [7], in which the effect of backwashing on the biomass of the nitrifiers was reported
to be negligible. In addition, de Vet et al. [26] also demonstrated that the abundance of ammonia
oxidizers on a trickling filter used in the DWPP was not affected by backwashing, and backwashing
did not deteriorate nitrification. However, Kasuga et al. [22] and Liao et al. [23] reported that a large
amount of bacterial biomass was reduced after backwashing. Moreover, Kim et al. [24] showed that
backwashing had a lesser impact on the microbial community than it did on microbial biomass, which
was significantly reduced by backwashing. Niche separation of the different microorganisms on the
GAC may be the reason for the different results, as backwashing may have a strong effect on biomass
of some types of bacteria, while it has a less significant impact on the biomass of ammonia oxidizers.

Figure 3. Abundances of AOA and AOB on the GAC before (solid bar) and after (bar with slash)
backwashing in the sampling time of “without prechlorination” and “with prechlorination”. AOA:
ammonia-oxidizing archaea, AOB: ammonia-oxidizing bacteria, and error bar: the standard deviation.

Although abundances of AOA and AOB on GAC remained stable after backwashing,
the ammonium removal potential changed in the two samplings. The increase in the ammonium
removal potential in the first sampling was probably due to the removal of accumulated flocs or excess
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biofilm that hindered the material diffusion to the nitrifiers. However, prechlorination could have an
adverse impact on the activities of ammonia oxidizers after backwashing. As a result, ammonium
removal potential was significantly decreased after backwashing.

3.4. Analysis of AOA and AOB Dislodged from GAC by Backwashing

In order to compare the dislodged biomass of the ammonia oxidizers in the different stages
of the backwashing program, the abundances of AOA and AOB in the backwashing water were
evaluated as shown in Figure 4. In the first phase of the backwashing program (air scour + low flow
of water), the dislodged amount of the AOA was higher than that of the AOB (p < 0.01), which was
attributed to the predominance of the AOA on the GAC. In the second phase of the backwashing
program (high flow of water), the abundance of AOA in the backwashing water remained stable and
even increased (p < 0.01), indicating that AOA was continuously washed out by backwashing. This
trend was consistent in the two samplings. Interestingly, the abundance of AOB decreased during the
backwashing program, especially during the last stage of backwashing. These results suggested that
less biomass of AOB was washed out in the second phase when compared with AOA biomass. It is
likely that AOB were hardly dislodged by the water. Moreover, there was a significant decrease in
the abundance of AOB during the second phase without prechlorination; however, this trend was not
observed when prechlorination was conducted. It is likely that AOB were damaged by the chlorine [2].
As a result, more AOB could be washed out by the water. The contradictory results with respect to
AOA and AOB indicated that AOB may stick to GAC stronger than AOA.

Figure 4. The abundances of the amoA genes of AOA (•) and AOB (N) in the backwashing water during
the backwashing program. The water samples were collected without prechlorination (a) and with
prechlorination (b).

The percentage of the total amount of the ammonia oxidizers discharged by backwashing was
compared with their original amounts on the GAC. The dislodged amounts of the AOA and AOB were
calculated by multiplying the amounts of the AOA or AOB in the water by the amount of backwashing
water. The original amounts of the AOA and AOB were calculated by multiplying the amounts of the
AOA or AOB on the GAC with the total weight of the GAC before backwashing. As shown in Table 2,
the dislodged amounts of the AOA and AOB during backwashing only accounted for 0.08%−0.12%
and 0.23%−0.26% of their original amounts on the GAC, respectively. The results were consistent
with the finding that there were no significant changes in the amounts of AOA and AOB on the
GAC (Figure 3) and suggested that the discharged amounts were quite marginal compared with their
original amounts on the GAC.
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Table 2. Percentage of the discharged AOA and AOB in the backwashing water as compared with the
original amounts on the GAC.

Sampling Time Percentage of Discharged AOA and AOB in Original Amount on GAC (%)

AOA AOB

Without prechlorination 0.08 0.23
With prechlorination 0.12 0.26

4. Conclusions

This study demonstrated the marginal effects of backwashing on the abundances of AOA and
AOB on GAC. Without prechlorination, backwashing contributed to the recovery of the ammonium
removal potential of GAC. On the other hand, backwashing during the prechlorination period could
adversely affect the ammonium removal potential of GAC. Further analysis, including additional
samplings in different plants, is suggested to confirm these phenomena and the relevant mechanisms.
This study, with meaningful first-hand information, provides an important scientific basis for the
maintenance and optimization of GAC in engineering systems.
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