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Breweries produce large volumes of wastewater, which requires recycling to offset water scarcity. An ebb-and-
flow filter is a filter system that creates aerobic and anaerobic conditions essential for the transformation and 
removal of nutrients. Optimising constructed wetland design and operation improves treatment efficiency 
and reduces operation costs. This study examined the combined effect of retention time (RT: 10, 20 and  
40 min) and gravel size (7, 13, and 19 mm) on nutrient removal from a brewery effluent using a single-pass 
ebb-and-flow system design. These factors were tested for the reduction of chemical oxygen demand (COD), 
ammonia-N, nitrite-N, nitrate-N, and orthophosphate removal. The 10-min RT at 19-mm gravel achieved the 
highest removal efficiency, of 7.7% ammonia-N and 8.2% COD reduction. The 40-min RT at 7-mm gravel had 
the highest nitrate-N removal, at 18.6%. Orthophosphate removal was below 5% in all treatment combinations. 
The peak removal for ammonia was after 8 weeks, suggesting that the efficiency of the ebb-and-flow design 
for nutrient removal is time-dependent. Based on the results of this study a short effluent retention time of 
10 min on 19-mm gravel is recommended for improved nutrient removal in the ebb-and-flow system design.
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INTRODUCTION

Water is a worldwide scarce resource, and its availability affects economic, social and environmental 
sustainability (Naik, 2017; Manungufala, 2021). Wastewater treatment and recycling are the potential 
strategies to address water scarcity (Almuktar et al., 2015; Riera-Vila et al., 2019). Breweries produce 
large volumes of effluent containing mainly organic and inorganic contaminants (Simate et al., 2011). 
The limited water availability, high cost of freshwater and strict effluent discharge regulations justify 
the recycling and treatment of brewery effluent (Götz et al., 2014; Jaiyeola and Bwapwa, 2016).

South African Ibhayi Brewery (SAB) effluent is treated on-site using a commercial-scale anaerobic 
digester (AD) and activated sludge units before it is sent to a municipal sewer (Almuktar et al., 
2018; Taylor et al., 2018). The anaerobic digester treatment has high operation costs and requires 
further treatment to meet environmental discharge standards (Jaiyeola and Bwapwa, 2016). The 
effluent has high concentrations of dissolved organic matter, inorganic nitrogenous compounds 
and inorganic phosphorus. A portion of the post-AD effluent is treated and reused in a research 
facility at the brewery (Cilliers, 2012; Jones et al., 2014; Taylor et al., 2018). Ebb-and-flow filter 
design is a technology that resembles the concept of a constructed wetland (CW). The filter operates 
by filling with and draining water, thereby creating alternating aerobic and anaerobic conditions 
essential for nutrient transformation and removal (Behrends, 2000; Saeed and Sun, 2012). The 
ebb-and-flow cycles promote biofilm formation on the substrate and diverse microbial consortia 
on the substrate, which help purify wastewater (Behrends, 2000; Saeed and Sun, 2012). Nutrient 
removal from wastewater involves processes such as of nitrification, anaerobic ammonia oxidation, 
denitrification, physical adsorption and assimilation by microorganisms (Vymazal, 2007; Saeed 
and Sun, 2012). The configuration and efficiency of the ebb-and-flow filters is based on the number 
of fill-and-drain cycles, linked to oxygen transferred into the system (Austin, 2003). This system 
design works effectively with pre-treated wastewater as this minimises clogging of the wetland bed  
(De La Varga et al., 2016).

Clogging of a CW is related to design, operation, substrate type and flow configuration (Knowles et 
al., 2011; Nivala et al., 2012; Vymazal, 2018). Wetland substrate accounts for high investment and 
operation costs. Consequently, an appropriate choice of substrate can influence the quantity and 
space requirements for wastewater treatment in a CW (Akratos and Tsihrintzis, 2007; Dong et al., 
2012). Physical and chemical properties such as particle size, surface area, porosity and ion exchange 
capacity have been used to choose the CW substrate (Akratos and Tsihrintzis, 2007; Miranda et al., 
2017; Wang et al., 2021). The substrate particle surface area influences porosity, biofilm development 
and treatment efficiency (Almuktar et al., 2018). Hydraulics refers to water movement through 
wetlands as determined by flow volumes, velocities, rates and flow patterns (USEPA, 2000). Cilliers 
(2012) defined hydraulic retention time (HRT) as the average time an effluent remains in the wetland 
bed. The hydraulic loading rate (HLR) is determined by the average water flow rate (m3·day−1) in 
a given wetland area (m2), expressed in m·day−1 (Wallace, 2009). The HRT is determined by the 
wetland surface area (A), substrate porosity (p) and flow depth (Dong et al., 2012).
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Laboratory and full-scale effluent treatment studies on wetland 
hydraulics have resulted in improved nutrient removal and 
prompted further optimisation of CW design (Dong et al., 2012; 
Li et al., 2015; Al-wahaibi et al., 2021; Zhang et al., 2021). Dong 
et al. (2012) examined dissolved oxygen profiles and nutrient 
removal efficiency in unaerated, continuous and intermittently 
aerated CWs, operated at hydraulic loading rates (HLR) of 19, 
38 and 76 cm·day−1. High removal efficiencies above 80% for 
ammonia and chemical oxygen demand (COD) were achieved 
at an HLR of 19 cm·day−1 in a continuously aerated system. The 
intermittently aerated system at HLR of 38 cm·day−1 had the 
highest total nitrogen removal, at 57%, at reduced energy costs. 
Li et al. (2015) investigated nitrogen removal in a tidal CW under 
varying effluent filling times of 12 to 48 h. The system achieved a 
77–94% reduction in COD, 55–82% ammonia removal and 60–
84% total nitrogen removal, thus eliminating the energy required 
for aeration. De Jong (2019) examined the effect of filling and 
draining time (FDT) (15, 30, and 60 min) on dissolved oxygen 
profiles and nutrient removal in the effluent of an anaerobic 
brewery digester using a tidal CW filled with 19-mm gravel 
substrate. The highest dissolved oxygen concentration was at 
15 min FDT (6.52 ± 0.09 mg·L−1), followed by 30 and 60 min 
FDTs (5.74 ± 0.09 mg·L−1 and 5.40 ± 0.09 mg·L−1, respectively). 
High dissolved oxygen concentrations in 15- and 30-min 
FDTs removed ammonia faster than in the 60-min cycle of  
tidal CWs.

The high cost of land and limited space affect wetland operations 
(Dong et al., 2012). High hydraulic loading rates in a tidal wetland 
design point to the smaller land area required, hence increasing 
its feasibility in wastewater treatment (Austin, 2006; Kizito et al., 
2017; Li et al., 2019). Gravel substrate commonly used in CWs 
has competitive demand and provides a varied surface area that 
influences wastewater treatment in terms of space requirement and 
treatment efficiency. Therefore, optimization of HRT and gravel 
surface area provides diverse pathways for nitrogen transformation 
and removal with small space requirement. To contribute to the 
design characteristics and the efficiency of operating conditions of 
an ebb-and-flow system, the present study extended the filling and 
draining time (FDT) range used by De Jong (2019). The present 
study also examined the combined effect of retention time (10, 20 
and 40 min) and gravel size (7, 13 and 19 mm) on the efficiency of 
nutrient removal from the post-AD effluent.

MATERIALS AND METHODS

Study site

The study was conducted at Ibhayi Brewery (Pty, Ltd) (33.8378°S, 
25.5419°E) in Gqberha, Eastern Cape Province, South Africa, 
from October to December (summer).

Wastewater treatment process as an influent source for 
the experiment

The treatment at the factory starts by screening the effluent through 
drum filters to remove solid waste. The screened effluent is delivered 
to an equalisation basin to control water flow into the anaerobic 
digester by breaking down dissolved organic matter without 
oxygen to produce energy (biogas), carbon dioxide, and traces of 
hydrogen sulphide. A portion of post-AD effluent is diverted for 
further on-site treatment at the Project Eden research facility, using 
low-cost alternative technologies of primary facultative ponds, 
high-rate algal ponds and CWs (Cilliers, 2012; Power and Jones, 
2016). Project Eden has 6 rectangular (320 m2), serially connected 
tidal wetland cells. Each cell (0.8 m depth) has an underground 
drainage system, with in-built manholes fitted with water pumps 
(Aqua Drive 670-SPECK Pump-6452NTL-A12X).

Acquisition of gravel for the experiment

Three graded sizes of crushed gravel (7, 13, and 19 mm) were 
purchased from a quarry in Gqberha, Eastern Cape Province, South 
Africa. The gravel sizes were chosen based on the range of pebble 
sizes used as filter media in CWs and on the availability in the area.

The experimental set-up

The CWs were set on top of a wetland cell filled with gravel, and 27 
ebb-and-flow systems were built using 1 000-L plastic tanks (1 m x 
1 m x 1 m). Each tank was fitted with an overflow outlet pipe (1 m 
height) that regulated the water level during flood cycles. A 75-mm 
polyvinyl chloride (PVC) pipe was installed on top of the systems as 
a water supply line, with 50-mm PVC water taps to allow the effluent 
to trickle through the gravel-filled systems (Fig. 1). The post-AD 
effluent was pumped into the ebb-and-flow units using a submersible 
water pump (AquaDrive 670-SPECK Pump-6452NTL-A12X). The 
water flow from the supply line into each system was uniformly 
controlled using a 75-mm PVC water valve. All units were covered 
with shade cloth (50% shade factor) to create uniform lighting.

Ebb-and-flow system components and operation

A bell siphon is a mechanical device that automatically regulates 
water flow using pressure and gravity. The media guard PVC 
(110-mm diameter) prevents pebbles from clogging the siphon. 
A standpipe (diameter 75 mm) was uniformly perforated at the 
bottom to regulate the maximum water level in the substrate bed. 
The siphon pipe was firmly fixed through a hole at the base of the 
media bed. A siphon pipe of 50-mm diameter PVC was fitted with 
end caps to create low pressure enabling the water level to rise within 
the substrate bed. The media guard and stand pipe were perforated 
at the base of the system to allow water flow. At the bottom of the 
siphon pipe was a 50-mm elbow joint connected to the drainage 
pipe (Fig. 1). During the filling phase, water is forced from the base 
of the substrate bed to the maximum level of the standpipe via the 
perforations of the media guard. As its level reaches the height of 
the standpipe, low pressure is created in the bell cap allowing water 
to drain. Air is then sucked in at the perforated tip, and the pressure 
difference created breaks the siphon. The substrate bed is refilled 
with water in repeated cycles (Fig. 1).

Study design

The two main effects investigated were of gravel size (7, 13, 19 mm)  
and retention time (10, 20 and 40 min), respectively. Each 
treatment combination (gravel size with retention time) was 
replicated 3 times in a completely randomized block design. The 
experiment lasted 12 weeks.

Figure 1. Cross-section showing the operation of a bell siphon 
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Data collection

Water temperature (°C) and dissolved oxygen (mg·L−1 O2) were 
measured daily using a portable Lutron PDO-519 DO meter. Water 
pH and electrical conductivity (mS·cm−1) were measured weekly 
at the inlet and outlet of the systems using a Lutron conductivity 
meter, code PCD-432, and a pH Lutron-electrode meter, Model: 
PH-220, respectively. Water samples were collected at the inlet 
and outlet every week and analysed for chemical oxygen demand 
(COD), ammonia-N, nitrite-N, nitrate-N and orthophosphate 
using a spectrophotometer (DR2800-01B1, Hach (Pty) Ltd, USA). 
The concentrations were calculated according to the standard 
procedures outlined in the test kit manuals (Hach (Pty) Ltd, product 
numbers; 21259-15, 26069-45, 21075-69, 21061-69, 22441-00).

The nutrient removal efficiency was calculated weekly using Eq. 1.

Nutrient removal (%) = 
Ci – Ce

Ci
 × 100                     (1)

where Ci is inflow concentration, Ce is outflow concentration.

Data analysis

All data were checked for equality of variance and normality 
of residuals using Levene’s test for equality of variance and the 
Shapiro-Wilk test for normality, respectively. If the assumptions 
were not met, data were log- or arcsine-transformed. The means 
of the weekly data were compared between treatments using 
multifactorial ANOVA. Treatment means were compared using 
Tukey’s post-hoc multiple range test. If interaction terms were 
significant, the means of all factorial combinations were compared. 
The second-order polynomial regression models described the 
relationship between percentage nutrient removal and time. The 
inflection point (i) was calculated using the formula i = b2 / (2 × b3)  

and substituting (i) into the polynomial model y = a + b1  x + b2   x2  
to determine the number of weeks by which a model reached 
a maximum value. Here, b2 and b3 are the regression coefficients 
on the changes of the independent variable (weeks). Analysis 
of variance was used to compare values for those weeks with the 
highest means between treatments or treatment combinations. The 
statistical analyses were performed using Statistica, Version 14.

RESULTS

Means of the physicochemical water variables from post-AD 
effluent into the ebb-and-flow system are presented in Table 1.

Retention time and gravel particle size influenced the 
physicochemical water variables at the outflow of the CW. Water 
temperature was influenced by changes in weather conditions 
ranging from 22–26°C (Fig. 2). The interaction between weeks, 
RT and gravel size did not affect the changes in dissolved oxygen 

Table 1. The inflow concentration ranges of the post-AD brewery 
effluent into the ebb-and-flow system

Water parameter Inflow values
Temperature (°C) 22–28

Dissolved oxygen (mg·L−1) 0.1–1.9

Chemical oxygen demand (mg·L−1) 81–174

Ammonia-N (mg·L−1) 7.8–41.65

Nitrite-N (mg·L−1) 0.02–0.08

Nitrate-N (mg·L−1) 1.2–7.5

Orthophosphate (mg·L−1) 10.96–21.82

Conductivity (mS·cm−1) 2.33–3.34

pH range 8.06–8.4

Figure 2. The mean (± standard error) of the outflow concentration of dissolved oxygen, temperature levels (upper row), conductivity and pH 
(lower row) of the media and retention time treatment combinations in an ebb-and-flow system for 12 weeks. The treatment combinations are 
designated by dashed, dotted and continuous lines.
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concentration (repeated measures ANOVA, F (44, 198) = 0.6, p = 
0.99, Fig. 2) while these values differed between retention treatment 
combinations (p < 0.001). The highest mean DO was at 10-min RT 
(3.00 ± 0.03 mg·L−1), followed by 20-min RT (2.56 ± 0.04 mgvL−1) 
and 40-min RT (2.47 ± 0.02 mg·L−1), respectively (Fig. 2). The 
highest mean DO was 3.07 ± 0.03 mg·L−1 with 19-mm gravel size 
at 10-min RT, while the lowest was 2.45 ± 0.01 mg·L−1 with the 
7-mm gravel at 40-min RT. There were no significant differences 
between treatments for the outflow conductivity and pH, p > 0.05. 
Conductivity at the outflow of the CWs ranged from 3.05 ± 0.01 to 
3.12 ± 0.01 ms·cm−1, and pH averaged 8.08 ± 0.01 (Fig. 2).

There was no significant interaction between RT and gravel 
size for the reduction of COD and ammonia-N (multifactorial 
ANOVA, p > 0.05, Figs 3i, 3ii. The efficiency of a reduction in 
COD and ammonia-N removal decreased with increasing RT and 
gravel surface area. An RT of 10-min with 19-mm gravel had the 
highest mean percentage reduction for both COD (8.16 ± 0.35%) 

and ammonia-N (7.66 ± 0.05 %). The lowest reduction for COD 
(6.03 ± 0.35%) and ammonia-N (5.58 ± 0.18%) was at an RT of 
40-min with 7-mm gravel (Fig. 3i–ii).

The mean removal for nitrite-N, nitrate-N and orthophosphate 
was influenced by an interaction between RT and gravel size 
(multifactorial ANOVA, p < 0.001, Fig. 3iii–v). Nitrite-N removal 
decreased with increasing retention time and gravel surface area, 
with the highest mean removal of 14.23 ± 0.22% at an RT of  
10-min with 19-mm gravel and the lowest removal of 10.53 ± 
0.13% at 40-min RT with 7-mm gravel (Fig. 3iii).

Nitrate-N removal increased with increasing RT and gravel surface 
area (Fig. 3iv). The highest mean nitrate-N removal was 18.63 ± 
0.09% at an RT of 40 min combined with 7-mm gravel and the 
lowest mean was 12.20 ± 0.02% at 10-min RT with 19-mm gravel 
size. Orthophosphate removal was below 5% in all treatment 
combinations (Fig. 3vi).

Figure 3. The mean percentages (± 95% confidence interval) of removal efficiencies of nutrients (i–v) for ammonia-N, nitrite-N, and nitrate-N, 
and orthophosphate in the ebb-and-flow filters with gravel size and retention time treatments. F-statistics and p-value refer to the test for 
interaction between main effects.
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Figure 5. The polynomial regression models illustrating nutrient removal over time (12 weeks) in the treatment combinations of gravel size and 
retention time of ebb-and-flow systems; nitrite-N (upper row), nitrate-N (middle row) and orthophosphate (bottom row)

Figure 4 shows polynomial regression models illustrating the 
estimated number of weeks and the peak values for ammonia-N 
removal. Ammonia-N removal was highest at 19-mm gravel, 
achieving a maximum removal efficiency after 8 weeks, while 
7-mm and 13-mm gravel treatment combinations peaked between 
Weeks 7 and 8 (Fig. 4).

Nitrite-N and nitrate-N removal increased as a function of time 
with maximum values at Week 12 with different peaks between 
treatments (p < 0.001, Fig. 5). The 19-mm gravel treatment 
combinations had the highest maximum values for nitrite-N 
removal while the 7-mm gravel had the highest nitrite-N removal 
in all the treatment combinations (Fig. 5).

Figure 4. The polynomial regression models illustrate the efficiency of nutrient removal over time (weeks) for ammonia-N as a function of 
retention time (10, 20, 40 min) and gravel size (7, 13, 19 mm) treatment combinations in the ebb-and-flow systems. 
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DISCUSSION

The dissolved oxygen (DO) concentration at the inflow originated 
from a single source, while the outflow concentration differed 
between retention time and gravel size treatments. The higher 
concentration of DO at the outflow than at the inflow may be caused 
by the ebb-and-flow operation that diffuses atmospheric oxygen 
into the system to occupy voids left between the gravel particles in 
subsequent drain phases (Austin et al., 2006; Li et al., 2015).

The combined effect of retention time and gravel size influenced 
the removal of nutrients from the post-AD effluent in the ebb-
and-flow systems. The higher removal efficiencies for ammonia-N, 
nitrite-N and COD at 10-min RT with 19-mm gravel could be 
attributed to the large interstitial spaces between gravel particle 
sizes, which could allow more oxygen transfer in the drain 
cycles. The small gravel particles have smaller interstitial spaces, 
potentially limiting the suction of atmospheric oxygen for the 
oxidation of ammonia-N and COD. Austin (2006) and Gregory  
et al. (2012) explained that ammonia adsorption onto the biofilm 
of the substrate in a tidal wetland occurs during flooding, while 
the drain phase facilitates rapid oxidation of the adsorbed 
ammonium to nitrite and nitrate through nitrification. Similarly, 
De Jong (2019) reported that the high DO profiles at 15- and 
30-min RTs oxidised ammonia more rapidly than at the 60-min 
RT. The 40-min RT and 7-mm gravel treatment combinations 
may have restricted oxygen supply, limiting the oxidation of 
ammonia-N and organic matter.

Some authors suggested that the short effluent retention reduces 
the contact time between microorganisms and nutrients, thereby 
limiting system performance (Akratos and Tsihrintzis, 2007; Lee 
and Fletcher, 2009; Saeed and Sun, 2012). However, according to 
Fick’s law, rapid diffusion of oxygen at the air-water interface and 
across biofilms (<100 μm) occurs within a few seconds (USEPA, 
2000; Austin, 2006). In the present study, the short effluent 
retention time had rapid aeration cycles on the biofilm attached 
to the gravel in the ebb-and-flow system.

Temperature ranged from 22–28°C, which is within the range for 
effective microbial growth and metabolism for diverse microor-
ganisms. Truu et al. (2009) reported the optimal temperature for 
nitrification activity as 28–36°C. Meng et al. (2014) reported fast 
growth of ammonia-oxidizing bacteria at temperatures above 
15°C.

The higher removal efficiency of nitrate-N at 40-min RT and 
7-mm gravel could be ascribed to a longer flooding phase that 
depleted dissolved oxygen, thus more nitrate-N was transformed 
to nitrite-N. Heterotrophic denitrifying microorganisms use 
nitrate as an electron acceptor for anaerobic respiration (Seifi and 
Fazaelipoor, 2012; Ni et al., 2017), which could also contribute 
to nitrate-N removal. Effective denitrification is not only 
influenced by oxygen concentration but also by adequate carbon 
in the effluent (Wang et al., 2015; Winkler and Straka, 2019). 
Determining the organic carbon to nitrogen ratio (C:N) of the 
post-AD brewery effluent will help to evaluate denitrification 
efficiency in these filter systems. Low nitrate-N removal at 10-min 
RT and in the 19-mm gravel size could be associated with more 
nitrate produced from the rapid oxidation of ammonia.

Orthophosphate removal was below 5% in all treatments. The 
inflow concentration ranged from 10.96–21.82 mg·L−1. Phosphoric 
acid used as a cleaning detergent in upstream activities could 
have contributed to high influent concentration (Cilliers, 2012; 
Simate et al., 2011). The gravel substrate used in this study has 
unreactive surfaces for phosphorus adsorption. Xu et al. (2006) 
compared gravel and iron slag-filled wetlands at an HLR of  
0.1 m·d−1 for a pre-treated domestic effluent and reported 44% 
and 1% orthophosphate removal, respectively, similar to the low 

removal rate in this study. Phosphorus removal in CW can be 
improved by using high cation exchange capacity substrates, regular 
plant harvest, and assimilation by phosphorus-accumulating 
organisms (PAOs) (Vymazal, 2010; Vohla et al., 2011; Shukla et al., 
2020). PAOs grow slowly and can be enriched under aerobic and 
anaerobic conditions (De-Bashan and Bashan, 2004; Winkler and 
Straka, 2019).

Recent studies have mainly focused on the efficiency of tidal 
wetlands in nutrient removal, while the period of efficiency 
during operation was not reported. This study contributes to 
effluent treatment by estimating the period for maximum nutrient 
removal in the ebb-and-flow filters. A decrease in ammonia-N 
removal after 8 weeks of operation could be contributed by biofilm 
formation between the instestitial spaces of gravel particles over 
time. The thick biofilm layers can limit the diffusion of atmospheric 
oxygen for the oxidation of ammonia-N within the system. 
Microorganisms produce extracellular polymeric substances and, 
in excess, could reduce the porosity of the substrate (Zhou et al., 
2020). Dense biofilm loses stability and may detach aggregates of 
slow-growing nitrifying bacteria through sloughing (Chaudhary 
et al., 2003; Knowles et al., 2011), thus affecting the removal 
efficiency. The reduced ammonia-N removal efficiency suggests 
that treatment of the brewery effluent requires further system 
design optimization, which can be evaluated for a longer period. 
The progressive trends for nitrite-N, nitrate-N and orthophosphate 
removal could be associated with reduced oxygen transfer into 
the substrate, favouring the growth of denitrifying and anammox 
microorganisms in removing these nutrients (Ni et al., 2017; Guo 
et al., 2020). In addition, anammox bacteria do not need external 
carbon for metabolism (Winkler and Straka, 2019; Guo et al., 
2020), which may have improved the removal efficiencies.

Estimating the nitrogen removal based on the three inorganic 
nitrogenous compounds measured in this study may result in 
values that differ from the total nitrogen removal. Other nitrogen 
compounds which were not measured should be considered in 
future studies. The breakdown of organic matter/mineralization 
also contributes to organic nitrogen, which can be transformed 
to inorganic nitrogen in the wastewater treatment process 
(Vymazal 2007). Kizito et al. (2017) reported a low total nitrogen 
removal of 22% in gravel media and 47% in corn corb biochar 
in the tidal systems treating anaerobically digested effluent. The 
biochars’ carbon content and large surface area for attachment of 
heterotrophic denitrifying bacteria improved nitrogen removal. 
Zhang et al. (2021) compared lab-scale tidal systems of gravel and 
a mixture of gravel and zeolite media, operated at 2, 3 and 4 m·d−1 
hydraulic loading rates. The total nitrogen removal range (5.4–
11.4%) for combined gravel and zeolite (24–43%) was attributed 
to the inflowing water’s low carbon:nitrogen ratio. These studies 
have indicated low nitrogen removal on gravel media. Therefore, 
effective nitrogen removal in tidal wetlands requires sequential 
nitrification and denitrification, with an optimal carbon supply.

A study by De Jong (2019) on effluent retention times of 15, 30, 
and 60 min in tidal CW treating anaerobically digested brewery 
effluent recommended shorter RTs of 15-min and 30-min. An 
extension of the shorter RTs from a study by De Jong (2019) 
has been confirmed to improve ammonia-N removal and COD 
reduction. The overall treatment efficiency differed in these 
studies and could be attributed to system design and the study 
period. The author used a 5-day batch cycle tidal design over 5 
months, while the current study used a single-pass tidal design 
for 3 months. The anaerobic digester effluent is a unique effluent 
with varied compositions of pollutants, depending on the season 
and circumstances of the anaerobic digester system breakdown. 
The high concentration of ammonia and phosphorus, high 
conductivity, and high pH contributed to the CW’s performance 
for nutrient removal in this study. Therefore, the recycling of 
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effluent, incorporation of plants, and high cation exchange 
capacity substrates should be tested to improve nutrient removal 
in the ebb-and-flow systems.

CONCLUSION

The ebb-and-flow operation, effluent retention time and gravel 
particle size influenced nutrient removal from a post–anaerobic 
digester effluent. A 10-min RT in a CW with 19-mm gravel 
achieved removal efficiencies of 7.7% for ammonia-N, and 8.2% 
for COD reduction. The 40-min RT with 7-mm gravel had the 
highest nitrate-N removal, at 18.6%. Orthophosphate removal was 
below 5%. The peak removal efficiency for ammonia-N was after 
8 weeks, while nitrite-N and nitrate-N removal was progressive 
over time. Therefore, the efficiency of ebb-and-flow design for 
nutrient removal from a brewery effluent was time-dependent.

RECOMMENDATION

The study recommends a short effluent retention time of 10-min 
with 19-mm gravel to improve nitrogen removal and reduction of 
COD in a single-pass ebb-and-flow filter. The effluent to be treated 
was high strength and the system performance was effective after 8 
weeks. The ebb-and-flow filter design characteristics in this study 
can be applied to treating other industrial and aquaculture effluents, 
depending on the effluent’s nature and strength. When maximum 
nutrient removal is reached, a restoration strategy of backwashing 
the gravel should be considered for continued operation. Further 
optimisation is required to examine substrates with high cation 
exchange capacity, and incorporation of plants and earthworms to 
degrade clogged organic matter on the wetland substrate.
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