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ABSTRACT 
Novel filter media incorporated with antimicrobial agents are potentially effective solutions to 
improve pathogen removal efficiency in current filtration units in WSUD systems. A 
laboratory study was conducted to develop new filter media through surface modification of 
granular activated carbon (GAC) and zeolite with a range of antimicrobial agents (i.e. 
quaternary ammonium compounds and heavy metal compounds). In total, 16 types of new 
media were successfully developed. Their efficiency for pathogen removal was assessed in 
columns using E. coli as a model microorganism based on two factors: type of filter media 
and flow rate. CuO-treated GAC (G-CuO) could provide 84-95% E. coli removal at low flow 
rates. Cu2+-treated GAC (G-Cu2+) could provide comparable removal at both high and low 
flow rates, while the metal leaching from this media was found to be less than the value 
specified by Australian Drinking Water Guideline.  
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INTRODUCTION 
Today the world is facing significant water shortages. At the same time, urbanization has 
resulted in significantly increased surface water runoff, which has changed urban hydrology 
and degraded receiving-water quality. One vision is to harness the potential of stormwater to 
address these issues. However, one concern with stormwater harvesting is the notoriously 
variable and usually high concentrations of pathogens in urban stormwater (CWP, 2000). 
Without adequate treatment, these pathogens impose significant human health risks to users 
of both recreational water bodies and stormwater harvesting systems (Haile et al, 1999; Hipp 
et al, 2006). Water Sensitive Urban Design (WSUD) technologies, such as wetlands, biofilters 
and porous pavements, have successfully reduced traditional pollutants in stormwater 
including sediment, nutrients and heavy metals. However, the capacity of these technologies 
for pathogen removal is limited and the treated water does not meet the requirements for 
harvesting and some recreational uses (Bratieres et al, 2008; Smith andPerdek, 2004). A 
promising solution is to improve the pathogen removal efficiency of current filtration units in 
WSUD systems through the development of antimicrobial agents-treated filter media.  
 
Surface modified zeolite and GAC with known antimicrobial agents have been tested for 
pathogen removal with promising results. For example, Bowman showed that despite the 
instability of hexadecyltrimethylammonium bromide-modified zeolite at low ionic strength  
(Li et al, 1998), this media removed most of bacteria and viruses in sewage effluent 
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(Bowman, 2003). Dimethyloctadecyl [3-(trimethoxysilyl) propyl]ammonium chloride-treated 
zeolite provided a permanent antimicrobial surface (Abbaszadegan et al. 2006). Heavy metal 
compounds modified-media (especially Ag, Cu and Zn) have also been proved to be 
promising for pathogen removal. For example, Cu-Zeolite and Zn-zeolite reduced E. coli 
concentration in sewage by 3.4 and 2.4 log respectively within 6 h (Milan et al, 2001). 
Aluminum hydroxychloride modified very fine GAC particles removed E. coli by 6 log (Pal 
et al, 2006).  
 
Despite all the efforts given in this field, it is hard to use available literature findings because 
of the vast differences in evaluating new media among the aforementioned studies. 
Furthermore, the available data based on synthetic water spiked with seed cultures is only of 
limited use when attempting to extrapolate to field conditions, partly because of the lower 
removal efficiency of native microorganisms than those that are spiked (Hijnen et al, 2005) 
and limited interaction time provided between microorganisms present in the natural water 
environment. In addition, there is no reported study to apply the technology for pathogen 
treatment in stormwater. This is especially important considering the distinct characteristics of 
stormwater (as compared with other water sources), such as intermittent dry-wet events, peak 
flow, highly variable concentrations of pollutants and flow rates (including pathogens, TSS, 
salinity, TOC, etc.), etc. 
 
In response, this study aims to develop the most suitable combinations of antimicrobial and 
base filter materials for stormwater treatment by examining the performance of a range of 
newly developed media exposed to the same conditions. This paper comprises 18 types of 
modified and unmodified media and assesses their performance (in triplicates) using natural 
stormwater runoff. The effect of a range of factors including type of base media, type of 
antimicrobial agents, and detention time were examined for E. coli and nutrients treatment. 
 
 
METHODS 
Selected antimicrobial agents and base media - The antimicrobial agents used in this study 
and their sources are: aluminum hydroxychloride (AHC) (23-24% Al2O3, 83-83% basicity), 
Omega Chemicals, Australia; zinc sulfate heptahydrate, copper chloride, iron chloride, and 
hexadecyltrimethylammonium chloride (QAC), Merck Chemicals, Australia; 
dimethyloctadecyl [3-(trimethoxysilyl) propyl]ammonium chloride (Si-QAC), Sigma-Aldrich. 
The based materials selected were granular activated carbon (GAC, Acticarb GC1200N), 
Activated Carbon Technologies Pty Ltd, Australia; and zeolite, Zeolite Australia with the 
particle size ranged between 0.3-0.6 mm.  
 
Modification of GAC and Zeolite - A range of small scale experiments was conducted to 
optimize the amount of each antimicrobial agent on each base material. In total, 16 types of 
new media were developed according to the following procedures: 
 Z-Cu2+, Z-Fe3+, Z-Zn2+, Z-Zn2+/Cu2+/Fe3+, G-Cu2+: Sodium chloride pretreated zeolite 

was modified with Cu2+, Fe3+, Zn2+ through ion exchange with each individual metal 
solution, and with Zn2+/Cu2+/Fe3+ through ion exchange with Zn2+ solution, Cu2+ solution, 
and Fe3+ solution in series (Milan et al, 2001). GAC was modified with Cu2+ by soaking 
particles in copper chloride solution for 24 h with continuous stirring.   

 Z-Fe(OH)3: soaking media in iron solution for 1 h followed by in situ precipitation at pH 
11.  

 Z-Zn(OH)2, G-Zn(OH)2: in situ precipitation of Zn(OH)2 at neutral pH (Pal et al, 2006).  
 G-AHC: in situ precipitation of AHC at neutral pH (Pal et al, 2006). 
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 Z-CuO, G-CuO: in situ deposition of Cu(OH)2 at elevated pH followed by thermal 
decomposition at 400oC for Z-CuO while at 200oC for G-CuO.  

 Z-TiO2, G-TiO2: sol-gel process followed by annealing at 350oC (Lopez et al, 2010).  
 Z-Si-QAC, G-Si-QAC: Slurry of the base media was treated with a Si-QAC solution (1%) 

slowly. The pH of the slurry was then adjusted to 3 using 1 M HCl. The mixture was then 
left in oven at 60oC for 3 h. The particles were then separated and dried at 40oC overnight 
followed by a final washing and drying (Tienteh Chen, 2006; Isquith et al, 1972). 

 Z-QAC: technology described by (Li et al, 1998).  
 
The metal content of the modified filter media was analysed using method USEPA 6010/6020 
in a NATA-accredited laboratory to indicate the level of antimicrobial agents coated onto the 
media. For Si-QAC and QAC modified media, Total Kjeldahl Nitrogen (TKN) analysis was 
conducted using method APHA 4500-Norg. 

 
 

Evaluation of modified and unmodified media - In total, 54 columns were constructed with 
the modified and unmodified media (3 replicates for each configuration). Each column (29.5 
mm diameter and 350 mm long) had one piece of fine screen mesh at the bottom and was 
packed with 70 mL of filter media (around 100 mm in depth) (Figure 1). These columns were 
dosed with natural stormwater collected from the outlet of sedimentation basin immediately 
after or during storm events (water quality shown in Table 1). The inflow and outflow were 
sampled and analysed for nutrients and heavy metals (by NATA-accredited lab) and E. coli 
(Colilert MPN). The effect of detention time on removal efficiency was assessed by 
controlling the flow rate (i.e. restricting the outlet); two sampling runs at different flow rates 
were conducted (as shown in Table 1). Finally, bacteria growth inhibition on filter media was 
qualitatively examined by flushing each column with 160 mL deionized water at a flow rate 
of 1 ml/min two weeks after sampling run 1 and monitoring the level of viable E. coli in the 
effluent.  
 
 
Table 1 General qualities of collected stormwater and flow rate used 

for each sampling run 
 Run 1 Run 2

Water quality 

T (oC) 21 12.4 
TDS (g/L) 0.4 0.478 
pH 7.1 7.35 
Electric Conductivity (µs/cm) 626 747 
Turbidity (NTU) 30.4 20.7 
E. coli (MPN/100ml) 2965 14264

Flow rate (ml/min) 10 1 
Detention time (min) 6.8 68 

 
Data Analysis. The distributions of the removal rates for each media type were presented in 
the form of boxplots. Groups of data were also compared using a 2-factor univariate ANOVA 
(factors: flow rate and media type). Following a significant finding (i.e. if p<0.05), posthoc 
tests were then performed using either the Tukey test when population variances were equal 
or Games-Howell test if population variances were not equal. Adjustment for multiple testing 
was not considered, for the reasons listed in (Perneger, 1998). 
 

Figure 1: Test column 

50 mm gravel

100 mm media

50 mm gravel



12th International Conference on Urban Drainage, Porto Alegre/Brazil, 11-16 September 2011 
 

4                                            Treatment of pathogens in stormwater by novel filter media 
 

 
RESULTS AND DISCUSSION 
 
Optimization of the coating process - The level of antimicrobial agents on the modified 
media are shown in Table 2. Metal contents on hydroxide or oxide modified media (0.25-0.6 
wt%) is equal or less than half of those on heavy metal ion modified zeolite (1.1-1.6 wt%), 
suggesting that the former coating may occur predominately on the surface of zeolite 
particles, thereby limiting their pathogen removal capacity. Except for Cu2+, the content of 
coating materials on GAC was significantly higher than that on zeolite. Copper content, for 
example, on G-CuO was 2.9 times that on Z-CuO, while TKN content on G-Si-QAC was 3.4 
times that on Z-Si-QAC, suggesting the dominant advantages of large surface area of GAC 
particles for antimicrobial agent immobilization. 
 

Table 2 Level of antimicrobial agents on modified media 

Antimicrobial 
agents 

Zeolite GAC 

Media type 
Content of 
antimicrobial agents 
(mg/kg media) 

Media type 
Content of 
antimicrobial agents 
(mg/kg media) 

Nil Z0 
<5 (Cu), 30 (Zn), 3600 
(Fe), 9 (Ti), 17 (TKN) 

G0 
46 (Cu), 73 (Zn), 93 
(Fe), 79 (Al) 

Cu2+ Z-Cu2+ 13,000 (Cu) G-Cu2+ 5,900 (Cu) 
Zn2+ Z-Zn2+ 11,000 (Zn).   
Fe3+ Z-Fe3+ 12,000 (Fe)   

Zn2+/Cu2+/Fe3+ Z-Zn2+/Cu2+/Fe3+ 
4800/2400/8800 
(Zn/Cu/Fe) 

  

Zn(OH)2 Z-Zn(OH)2 2,500 (Zn).  G-Zn(OH)2 3,700 (Zn). 
Fe(OH)3 Z-Fe(OH)3 5,700 (Fe)   
CuO Z-CuO 5,600 (Cu) G-CuO 16,000 (Cu) 
TiO2 Z-TiO2 260 (Ti) G-TiO2 290 (Ti) 
Si-QAC Z-Si-QAC 220 (TKN) G-Si-QAC 750 (TKN) 
QAC Z-QAC 250 (TKN)   
AHC - - G-AHC 3,400 (Al) 

 
 
E. coli removal efficiency of new media – The E. coli removal efficiency was investigated 
over 18 types of media and two sampling runs with different detention time (i.e. 6.8 min in 
Run 1 and 68 min in Run 2).  
 
Type of media. Statistical analysis showed that media type is a significant factor influencing 
E. coil removal (p<0.001) (Figure 2). Posthoc tests identified that with exception of G-CuO, 
G-Cu2+ significantly outperformed all the other GAC-based media (mean 94.2% with CV of 
4% vs 56% with CV of 27%). The measured copper concentration in the infiltrate of G-Cu2+ 
(0.31-0.81 mg/L) is below the guideline value specified by Australian Drinking Water 
Guideline (NHMRC & NRMMC, 2004), and this amount is negligible compared with the 
copper concentration in the column (i.e. 5.9 mg/g media which is equivalent to 3717 mg/L of 
media), possibly suggesting that the removal mainly occurred in the column. Z-Cu2+ (100% 
with CV of 0%) provide similar level of E. coli removal as G-Cu2+. However, the copper 
leaching from the former media was quite high. Further experiments demonstrated that the 
leaching is actually quite correlated with the electric conductivity (EC) level in the water 
source. Therefore, the highly variable EC level in natural stormwater (e.g. 74-1810 µs/cm; 
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Perscom Fuchs database) hinders its direct application for stormwater treatment, suggesting 
either further optimization of the coating process. Similar challenges were observed for the 
zinc compounds when modifying zeolite, although they showed reasonably good but highly 
variable removal. Inactivation of microorganisms by copper is thought to involve site-specific 
Fenton mechanisms (Maier et al, 2009). Copper may also bind to proteins interfering with the 
normal function of enzymes, resulting in cell death. 
 

 
Figure 2 E. coli removal rates for all media types (3 replicates) over two sampling runs (Run 

1 and 2) 
 

Media Z-CuO, Z-Si-QAC, and G-CuO showed slightly better removal than the base media. 
However, the large variance among replicates made the conclusion rather weak, suggesting 
more replicates or repeated dosing in future experiments. It may also mean non-uniform 
treatment of the media during the preparation processes. Nevertheless, Z-CuO and Z-Si-QAC 
deserve further investigation due to their good stability (e.g. copper leaching of 0.24 mg/L in 
Run 2 for Z-CuO, while Z-Si-QAC showed no detectable leaking).  
 
All the other antimicrobial agents modified media prepared in this study provided a similar 
level of removal efficiency to that of the base media, suggesting unsuitability for stormwater 
treatment or further optimization of the coating process. 
 
Flow rate. Overall, flow rate is a significant factor for E. coli removal (p<0.05), with the 
effect being more obvious for certain media types than the others (Figure 3). Both base media, 
for example, showed significantly enhanced E. coli removal rates at lower flow rates, 
suggesting better adsorption of microorganisms in these columns. For Z-Si-QAC and G-CuO, 
the large variance observed in Run 1 was reduced significantly when using a lower flow rate 
(i.e. Run 2).  
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Figure 3 E. coli removal rates for selected media types (3 replicates) over Run 1 (flow rate 10 

ml/min) and Run 2 (flow rate 1 ml/min) 
 
Nutrients removal efficiency of new media – For the good performers, such as G-Cu2+, G-
CuO, Z-Cu2+, etc, their effect on nutrients removal was also assessed in terms of TN and TP 
removal (Figure 4). It is observed that zeolite-based new media had no significant negative 
effect on nutrients removal (both TN and TP). Base and modified GAC provided about 80% 
TN removal.  However, base GAC was found to leach phosphorus significantly resulting in 
over 500% leaching of TP, possibly a result of the actual filter media material leaching from 
the column. Modification of GAC with Cu2+ seems to lower the level of leaching, possibly 
because the coating process helped reduce material leaching. The most significant effect on 
inhibiting leaching was observed on CuO modified GAC (i.e. G-CuO), which can even 
effectively remove TP from stormwater.  
 
   

2

2

 
  

Figure 4. Mean and 95% confidence interval of removal for TN (left) and TP (right) relative 
to filter media over Sampling Run 1 and 2 

 
 

Bacterial growth in new media–Copper ion modified media were found to be the most 
effective on inhibiting growth or survival of E. coli since no or quite low level of E. coli was 

2
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detected in the effluent (e.g. <35MPN/100mL) (Figure 5). Si-QAC modified zeolite and CuO 
modified GAC showed large variance for this effect. For Z-Si-QAC, for example, one 
replicate completely inhibited the growth of E. coli while the other two replicates showed no 
such effect. This pattern is consistent with the E. coli removal performance of these columns 
during Run 1.  
 

 
Figure 5. Viable E. coli cells in the effluent of selected columns during a flushing process of 

the columns with deionized water two weeks after sampling Run 1 
 

 
CONCLUSIONS  
This study identified several promising alternative filter media for native pathogen treatment 
in stormwater. However, to deliver a long-lasting, cost effective antmicrobial media for 
stormwater treatment universally without deteriorating the removal of other pollutants is still 
challenging. Future work will include 

 Optimize the coating processes to improve the stability of the new media; 
 Investigate the removal processes in the new media; 

Large variances in E. coli removal were observed among the replicate columns packed with 
Z-Si-QAC and G-CuO, which might be caused by the differences in flow rates among 
replicates and/or the non-uniform treatment of the media. More replicates in future studies 
might be a solution. These media have also been shown to impose negligible negative effect 
on nutrients removal with several coatings on GAC, effectively inhibiting phosphorous 
leaching.  
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