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Abstract 

Tightening quality standards for European waters have seen a move towards enhanced 

wastewater treatment technologies such as granulated organic carbon treatment and ozonation. 

Although these technologies are likely to be successful in degrading certain micro-organic 

contaminants these may also destroy compounds which would otherwise complex and render 

metals significantly less toxic. This study examined the impact of enhanced tertiary treatment 

on the capacity of organic compounds within sewage effluents to complex copper and zinc. The 

data show that granulated organic carbon treatment removes a dissolved organic carbon (DOC) 

fraction that is unimportant to complexation such that no detrimental impact on complexation or 

metal bioavailability is likely to occur from this treatment type. High concentrations of ozone 

(>1mg O3/mg DOC) are, however, likely to impact the complexation capacity for copper 

although this is unlikely to be important at the concentrations of copper typically found in 

effluent discharges or in rivers. Ozone treatment did not affect zinc complexation capacity. The 

complexation profiles of the sewage effluents show these to contain a category of non-humic 

ligand that appears unaffected by tertiary treatment and which displays a high affinity for zinc, 

suggesting these may substantially reduce the bioavailability of zinc in effluent discharges. The 

implication is that traditional metal bioavailability assessment approaches such as the Biotic 

Ligand Model may overestimate zinc bioavailability in sewage effluents and effluent impacted 

waters.  
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Introduction 

The United Kingdom (UK) Water Industry is currently assessing the effectiveness of 

advanced wastewater treatment technologies such as granular activated carbon (GAC) 

and ozonation for reducing the concentrations of priority organic chemicals (e.g. steroid 

hormones) in sewage effluents, with reported evidence that advanced treatment 

technologies may be effective [1 to 6]. It is also known that dissolved organic matter 

present in wastewater treatment works (WwTWs) effluents is capable of complexing 

metals to render them considerably less toxic to receiving waters [7 – 9].  Consequently, 

adsorptive or destructive tertiary treatment methods may also have some effect on the 

capacity of the dissolved organic matter present in sewage effluent to bind metal ions, 

and therefore on the bioavailability (and subsequent toxicity) of metals in WwTW 

discharges.  The potential effect of advanced wastewater treatment on metal 

bioavailability is of particular significance since sewage effluents can represent a 

substantial source of metal inputs into the aquatic environment and it is important to 

ensure that efforts aimed at reducing risk from one category of priority chemical do not, 

inadvertently, increase the risk from another category of priority chemical (e.g. metals). 

Indeed, enhanced removal of metals is also an important objective of wastewater 

treatment [10, 11].  

The actual effect of advanced treatment technologies on metal bioavailability in sewage 

effluent is, however, uncertain and not well explored. For example, although the 

complete destruction of organic ligands might release more bioavailable metal in the 

environment, the partial destruction of organic ligands might also give rise to a category 

of smaller ligand that might increase the effluent capacity to complex metals ions, thus 

reducing metal bioavailability. 

Furthermore, when considering the management of anthropogenic chemicals entering 

the environment, it is important to assess the extent by which the metal complexing 

characteristics of sewage effluent derived organic matter differ from that of organic 

matter derived from natural sources. Indeed, powerful synthetic complexants have been 

detected in effluents that are known to influence metal bioavailability [12, 13]. The 

environmental regulator for England, the Environment Agency, has proposed specifying 

water quality standards for copper and zinc in terms of a permissible bioavailable 

concentration. Under this regulatory regime, computational models based on the Biotic 

Ligand Model [14-15],  which take account of site-specific physico-chemical conditions 

such as pH and the concentrations of organic matter and calcium on metal 

bioavailability and allow an estimation of the metal fraction that is bioavailable. The 

models, however, assume that organic matter is derived from natural sources, consisting 

primarily of humic substances, whereas effluent derived organic matter is known to be 

comprised substantially of non-humics, including polycellular exudates, proteins, and 

other anthropogenic substances [16 – 18].  

The aims of this research were therefore to assess the impacts of advanced tertiary 

treatment (ozonation, granulated activated carbon and UV exposure, in various 

combinations) on metal speciation as well as potential differences in complexation 

capacity and strength between natural and WwTW derived ligands. Ultimately, such 

data allow an evaluation of the differences in the complexation characteristics of 

effluent and naturally derived organic matter, and therefore the extent by which models 

calibrated for natural waters may be appropriate for waters which receive substantial 

effluent inputs. This research was carried out as part of a series of technical 



investigations that were undertaken between 2010 to 2013 by UK water companies as 

part of a research programme (the Chemicals Investigation Programme, or CIP) into the 

management and control of substances likely to be found in sewage.  

Methods and materials 

Effluent selection  

Effluent samples were obtained from pilot plants at two WwTWs.  The treated sewage 

was derived from primarily domestic sources. Descriptions of the effluents 

(anonymised) and treatment types that were examined as part of this study are provided 

in Table 1. Samples were taken before (final effluent) and after the tertiary treatment 

stages. 

 

Table 1 Description of effluents and advanced process treatments   

Sample handling  

Effluent samples were collected in acid washed 10 litre high density polyethylene 

(HDPE) containers from the wastewater treatment works in August and December 

2011, respectively. The samples were filtered through 0.45 µm cellulose nitrate 

membrane filters (Whatman, UK) on-site and stored in acid washed 10 L HDPE 

containers and packed in ice until return to the laboratory where they were stored at 4ºC 

in the dark.  

Complexation capacity titration 

Complexation characteristics were assessed using a Chelex column method [19, 20]. 

The Chelex column method involves passing a water sample through a column packed 

with (an ion exchange) Chelex resin within which labile metal species (i.e. free metal 

ions or ions in weak complexes that dissociate upon contact with the Chelex) are 

retained.  

Complexation characteristics (binding capacity and affinity) were determined by adding 

metal to aliquots of 0.45µm filtered sample and assessing the relationship between the 

pre-column and post-column metal concentrations. Complexation capacity represents 

the post-column concentration at which an increase in the pre-column concentration 

does not result in an increase in the post-column concentration (i.e. the concentration at 

which the available complexing ligands become saturated). Binding affinity represents a 

measure of strength of the complexes formed and is determined from the rate at which 

the post-column (non-labile) concentration increases.  

Complexation characteristics determined by the Chelex column method are 

operationally defined since these are dependent on the flow rate through the column and 

contact time with the resin. Since weakly bound metal species are also retained within 

the column the Chelex method provides a conservative measure of complexation which, 

for the purposes of assessing risk, is useful since, as already described, the 

complexation characteristics exclude the contribution from weakly bound metal 

complexes that might dissociate and therefore become bioavailable. 



Calcium-form Chelex columns were prepared in 50 mm (height) by 7 mm (internal 

diameter) borosilicate glass columns (Bio-Rad, USA) with Chelex-100 (200-400 mesh, 

Bio-Rad, USA) as the chelating resin. 1 mL of wet sodium-form Chelex slurry was 

inserted into each column, and plugged with glass wool. The Chelex resin was 

converted to calcium form by pumping at least 10 mL of 2 M calcium chloride solution 

through each column at a flow rate of 20ml/minute. For samples the flow rate was 50 

(±2) mL/minute. Flow through the column was controlled using a 302S/RL Watson 

Marlow peristaltic pump.  

As part of the sample preparation protocol, the pH of each sample was stabilised by the 

addition of reagent grade 3-(N-morpholino)propanesulphonic acid (MOPS) to a final 

concentration of 0.05 M and adjusted to pH 7.0 (±0.05) using 1 M hydrochloric acid 

(HCl). At least 10 aliquots of 200 mL filtered sample were spiked with a metal standard, 

prepared as 50mg/L solutions in dilute Optima grade nitric acid (1%) (Fisher, UK), 

using reagent grade commercially available metal nitrate salts (Fisher, UK). Samples 

were spiked with copper so that the aliquot concentrations increased in increments of 

50µg/L and with zinc so that the aliquot concentrations increased in increments of 

10µg/L.  

The spiked aliquots were equilibrated for one hour to standardise the kinetic conditions 

and passed through two separate Chelex columns. For each aliquot 50mL was collected 

before being passed through the columns and 50 mL from after each column.  

To assess differences in complexation characteristics of effluent and naturally derived 

organic matter, a 10 mg/L solution standard was prepared from Suwannee River Fulvic 

acid (SRFA) reference material obtained from the International Humic Substances 

Society (IHSS) which is considered to be broadly representative of organic matter with 

a natural origin. SRFA has been used by researchers worldwide and its properties have 

been characterised extensively. Complexation characteristics were determined for the 

SRFA samples as described above, except that the solution ionic strength was adjusted 

to 0.01 M with potassium chloride (KCl).   

Analytical techniques 

Copper and zinc were quantified by flame atomic absorption spectrometry using an 

AAnalyst 100 (Perkin Elmer, UK). Dissolved organic carbon (DOC) was quantified 

using a TOC-VCPN total organic carbon analyser (Shimadzu, UK). A number of studies 

[21-22] have demonstrated that Specific UltraViolet Absorbance (SUVA) 

characteristics may provide a relatively straight-forward method for assessing the 

content of aromatic substances (e.g. carboxylates) in organic matter that have 

traditionally been considered to represent the substance category that is most significant 

with regard to ion binding. Indeed, SUVA has been proposed as an alternative to DOC 

as a BLM input [22]. SUVA was determined for all samples at 350 nm in 1 cm quartz 

cell using a UV-VIS 200 spectrophotometer (Perkin Elmer, UK). Samples were 

adjusted to pH 7 prior to measurement. SUVA coefficients (ε) for the selected 

wavelengths were calculated as follows: 

ε350 = A350 / (d·[DOC]) (1) 



In the equation A350 represents the measured absorbance at 350 nm, d the path length 

through the quartz cell (cm) and [DOC] the DOC concentration (mg/L).  

Data treatment and analysis 

Complexation characteristics were determined from the Chelex data by fitting a non-

linear receptor binding equation [20] to the Chelex titration data: 

XK

XB
Y

d 




max
    (2) 

In the equation Y represents the post-column (non-labile) metal concentration (in molar 

units), normalised on the basis of the concentration of dissolved organic carbon (DOC) 

to allow comparison of samples with different amounts of organic matter, and X the 

pre-column metal concentration (also in molar units). Bmax represents the point at which 

the available complexing ligands become saturated (i.e. complexation capacity) and Kd 

the dissociation constant, which is also the reciprocal of the complex formation constant 

(K) that is commonly used to describe binding affinity. The values for Kd and Bmax are 

operationally defined since these are dependent on the sample flow rate through the 

column as well the metal ion affinity for the Chelex resin.  

For each titration series the data from the duplicate Chelex columns were pooled which 

allowed the effect of differences between individual columns as well as differences due 

to random variation in the measured values to be taken into account. The best fitting 

value Bmax and Kd were those which minimised the sum of squared residuals determined 

using a customised Excel spreadsheet titration analyser. Confidence interval values for 

Bmax and Kd were determined using a Monte Carlo method [24] whereby the residuals 

were applied randomly (with replacement) to the measured values and new values for 

Bmax and Kd calculated. The confidence interval limits for Bmax and Kd were the 2.5%ile 

and 97.5%ile values from 1,000 simulations (i.e. the 95% confidence interval range). 

Results 

Sample characteristics 

 

The SUVA characteristics for the effluent and SRFA samples are provided in Table 2. 

For WwTW 1, the SUVA for the final effluent and GAC treated effluents were similar 

(i.e. 0.0051 vs. 0.0053), suggesting the GAC (adsorptive) treatment has no substantial 

effect on aromaticity. The SUVA for the ozone treated sample was, however, 

substantially lower than for the final effluent and GAC treated samples, by more than a 

factor of two, indicating the ozonation reduced the aromatic content.    

For WwTW 2, the SUVA for both ozone treated effluents was lower than in the final 

effluent which, as for WwTW 1, suggested ozone treatment to have a destructive impact 

on aromatic content. The reduction in SUVA was also greatest in the Ozone 2 treated 

effluent in which a substantially higher ozone dose was applied suggesting a 

relationship between the impact on aromatic content and the applied ozone 

concentration.  



The SUVA for the WwTW 2 final effluent sample (0.0094) exceeded that for WwTW 1 

final effluent (0.0051, Table 2) and was potentially indicative of differences in the 

organic matter inputs to the treatment works. The SUVA for the SRFA sample (0.0162) 

was greater than for all the effluents, demonstrating SRFA to have the greatest aromatic 

content.   

Table 2 Physico-chemical characteristics of effluent and SRFA 

The effect of advanced treatment on copper and zinc complexation 

WwTW 1 

The copper complexation characteristics for WwTW 1 and SRFA samples are provided 

in Figure 1.  Both the GAC and ozone treatment did not have any significant influence 

on binding affinity and resulted in a small increase in the DOC normalised 

complexation capacity, potentially attributable to the reduction in the DOC 

concentration in the ozone and GAC treated effluents, indicating the elimination of a 

DOC fraction that is relatively unimportant to complexation. This suggests that the 

tertiary treatments applied at WwTW 1 are unlikely to impact copper bioavailability 

entering the aquatic environment via WwTW effluent. 

The comparison of final effluent and SRFA complexation characteristics indicated no 

difference in the binding affinity, but that the SRFA sample contained a greater 

concentration of copper complexing ligands (per mg of DOC). The implication is that 

effluent derived organic matter may, to some extent, be less protective than organic 

matter derived from a natural source. It is, nonetheless, important to recognise that, as a 

consequence of the substantial complexation capacity potential in both the effluent and 

SRFA samples, the significance of this difference at environmentally relevant copper 

concentrations may well be marginal.  

Figure 1 near here  

Zinc complexation characteristics for the WwTW 1 samples are provided in Figure 2. 

The data indicate that both the ozone and GAC treatments did not have any significant 

impact on binding affinity although both treatments appeared to produce a similar 

increase in complexation capacity. As for copper, this suggests that the relative increase 

in (DOC normalised) complexation capacity may be attributable to the 

removal/elimination of some DOC fraction unimportant for binding zinc. These results 

suggest that the tertiary treatments operated at WwTW 1 are unlikely to impact the 

bioavailability of zinc in effluent discharges. 

Complexation characteristics could not, however, be determined for the SRFA sample 

since the post-column concentrations of zinc were below the analytical limit of 

detection (<5 µg/L). This result was interesting in itself since the occurrence of post-

column zinc in the effluent samples suggests that the effluents contained a category of 

ligand with an affinity for zinc that is substantially greater than complexing ligands 

derived from natural sources (i.e. sufficient to mobilise zinc through the Chelex 

column). The implication is that compounds present in sewage effluents might offer a 

much higher degree of protection from the effects of exposure to zinc in comparison 

with the level protection offered by organic matter derived from natural sources. An 



additional and important implication is that the biotic ligand models might substantially 

overestimate the bioavailability of zinc in effluent discharges and in waters which 

receive effluent inputs.   

Figure 2 near here 

WwTW 2 

As for the WwTW 1, copper complexation characteristics for WwTW 2 and SRFA 

samples indicated that there was no significant difference between the binding affinities, 

although a large difference in complexation capacity between the ozone 2 treated 

effluent and the other effluents was evident (Figure 3). The Ozone 2 treated effluent 

sample was unique in that it had been subject to a substantially higher ozone dose (16 

mg/L) in comparison with the dose applied during the Ozone 3 treatment and at the 

WwTW 1 pilot plant (both 2 mg/L). This suggests that high concentrations of ozone 

have the capacity to reduce copper complexation capacity in a manner that could 

potentially increase copper bioavailability. It is, however, important to recognise that, as 

a consequence of the substantial complexation capacity potential in the effluent 

samples, and that the sample binding affinities remained similar, a significant increase 

in risk at environmentally relevant concentrations of copper would appear unlikely. 

The result of the comparison of final effluent and SRFA complexation characteristics 

was similar to that for WwTW 1 in that the SRFA sample demonstrated a substantially 

greater copper complexation capacity per unit weight of DOC compared with the 

effluent samples, with the possible consequences as described above. 

 

Figure 3 near here 

Overall the binding capacity for zinc was significantly less than that for copper (2.5 to 5 

compared with 10 to 25 µg/mg DOC respectively). No significant effect on zinc binding 

affinity or complexation capacity as a consequence of the ozone treatments could be 

identified for WwTW 2 and suggested that the treatments did not have any significant 

impact on the zinc complexing ligands (Figure 4). A substantial degree of uncertainty 

was, however, associated with the binding affinity value for the Ozone 2 sample, which 

is reflected in the large confidence interval range values for this sample (not rendered in 

Figure 4).  

Figure 4 near here 

The relationship between copper and zinc complexation and SUVA 

The relationship between SUVA and copper and zinc complexation capacity is 

illustrated in Figures 5 and 6, respectively. The results for copper (Figure 5) show no 

clear relationship between complexation capacity and SUVA for the effluent samples, 

the implication being that complexation capacity may be attributable to a category of 

non-humic ligand.  The SUVA and complexation capacity values for SRFA also 

exceeded those of the effluent samples. For WwTW 1, whereas the GAC treatment did 

not demonstrate any significant impact on SUVA, the small increase in DOC 

normalised complexation capacity (relative to the final effluent sample) may have been 

indicative of the elimination of a low SUVA DOC fraction that was relatively 

unimportant to complexation. The ozone treatments reduced SUVA in all instances, 



with the largest reduction for the WwTW 2 Ozone 2 treated effluent that had the highest 

ozone dose.  

The results for zinc (Figure 6) similarly show do not show any clear relationship 

between complexation capacity and SUVA for the effluent samples. In contrast with the 

results for copper, however, the results for zinc show that the complexation capacities of 

the effluent samples substantially exceed that of the SRFA sample. The results confirm 

SUVA to be a poor predictor of zinc complexation and consequently that non-humic 

substances are likely to be of particular significance to zinc binding in sewage effluent 

and effluent impacted waters. The results for both copper and zinc, however, 

demonstrate that non-humic substances present in sewage effluent represent an 

additional ligand category that contributes to complexation capacity, and thereby the 

potential to influence metal bioavailability.  

Figure 5 near here 

Figure 6 near here 

Discussion 

The effect of advanced wastewater treatment on metal complexation 

The treatment technologies evaluated in this study are not commonly used to treat 

sewage effluent, however, in the context of drinking water treatment, GAC is often 

applied as a treatment following other more destructive treatment options such as 

ozonation in order to remove treatment by-products such as aldehydes, carboxylic acids 

and other low molecular weight biodegradable organic compounds such as pesticides 

[25]. Indeed, a study by Treguer et al. [26] also found that low molecular weight 

molecules were preferentially removed by GAC treatment; a characteristic attributable 

to the fact that smaller molecules are better able to diffuse further into the pores of 

adsorbent material in comparison with larger molecules. The implication of the findings 

from the other studies [25, 26] is that GAC is likely to be relatively ineffective at 

removing the large (humic) molecules traditionally associated with metal complexation; 

a result supported by both the complexation capacity and SUVA results from the 

present study. In combination, these suggest that GAC treatment is unlikely to 

significantly impact copper or zinc bioavailability in effluent discharges. 

Destructive treatments such as ozonation are typically applied to break large molecules 

to increase their biodegradability which facilitates their removal from the water. In the 

present study, the reduction in SUVA in response to ozone treatment (0.0094 vs. 

0.0015) indicated that the ozone treatment did result in the destruction of the larger 

humic molecules. Furthermore, the relatively sharp reduction in SUVA for the Ozone 2 

treated sample at WwTW 2 in comparison with the lowered powered ozone treatment at 

WwTW 1 and WwTW 2 Ozone 3 treated effluent also suggested that the extent of the 

impact corresponded with the ozone dose. A study by Siddiqui et al. [27], however, 

found that the reduction in humic context as a consequence of ozone treatment reached 

an optimal level at 1 mg O3/mg DOC, which was lower than the rate applied in the 

Ozone 2 treated effluent (1.4 mg O3/mg DOC). The implication is therefore that impact 

on SUVA for the Ozone 2 treated sample is likely to represent an extreme example and 

also one in which further reductions in SUVA, or indeed complexation capacity, would 

be unlikely, even at higher ozone doses. The significance of the impact on copper 

complexation capacity is, however, uncertain; for example, although reduced, the 



copper complexation capacity in the post-Ozone 2 treated effluent was, nonetheless, 

sufficient to complex the concentration of dissolved copper typically present in sewage 

effluent (<8 µg/L). Indeed, at low, environmentally relevant copper concentrations the 

complexing ligands with the highest affinity for copper are likely to be of greatest 

relevance in influencing copper bioavailability. Since the Ozone 2 treated effluent did 

not demonstrate any significant influence on binding affinity a significant impact on the 

ligands with the highest binding affinity appears unlikely. 

In contrast with the result for copper, ozone treatment did not have any impact on zinc 

complexation. SUVA was also generally a poor predictor of zinc complexation 

capacity, which was in agreement with findings from other recent studies [28], 

suggesting that non-humic substances may be of particular significance to binding zinc 

ions in sewage effluent and effluent impacted waters.  

Indeed, this is supported by findings from other studies of the existence of a category of 

effluent derived ligand with a high affinity for zinc [29] which contributes further 

support for recommendations that the contribution to complexation capacity from 

anthropogenic ligands be included as an additional ligand category in biotic ligand 

modelling [30, 31].  

Implications for bioavailability based standards 

In the UK the environmental regulator, the Environment Agency, has proposed 

specifying new standards for copper and zinc in terms of a permissible bioavailable 

concentration, where bespoke BLM-type models are used to ‘convert’ the permissible 

bioavailable concentration into a dissolved metal concentration which serves as the 

compliance statistic. BLMs ‘convert’ the permissible bioavailable concentration into a 

dissolved metal concentration by simulating the influence of site-specific chemical 

characteristics (pH and the concentrations of DOC and calcium) on metal bioavailability 

[32]. In its simulation of chemical interactions, however, the models assume that DOC 

is comprised entirely of humic substances which have been demonstrated to be 

primarily responsible for complexing copper ions in natural water systems. The strong 

UV-absorbance characteristics of humic substances have also formed the basis for 

recommendations that SUVA may be more useful than the DOC concentration as an 

indicator of complexation capacity [22] since the DOC concentration alone also reflects 

carbon species that are relatively unimportant to metal complexation. Whereas this 

approach may be appropriate for natural water systems, studies [28-31] have, however, 

identified that effluents and anthropogenically impacted waters may contain a category 

of non-humic ligand (including human-derived and synthetic) that binds very strongly 

with a variety metal ions (including copper, zinc, and nickel). These findings have also 

lead to recommendations that non-humic ligands be included as an additional ligand 

category in biotic ligand modelling. The results from this study, for zinc in particular, 

further support this hypothesis. Indeed, the results for zinc suggest the presence of a 

category of high affinity ligand in sewage effluents that is sufficiently robust to 

withstand ozone treatment. Failure to take into account the effect of these ligands might 

result in the overestimation of metal bioavailability, that might ultimately result in 

requirement to reduce the concentrations of metal in effluent discharges but which does 

not deliver any environmental benefit. This is of particular significance in receiving 

waters with low effluent dilution capacity. More research is, however, required in order 

to identify the ligands that may be responsible for the enhanced complexation capacity 

and the extent to which they may persist in surface waters.  



Conclusions 

The following are the key findings from this study: 

 GAC treatment removes a DOC fraction that is unimportant to the complexation 

of copper and zinc such that no detrimental impact on complexation or metal 

bioavailability is likely to occur from this treatment type. 

 High concentrations of ozone (>1mg O3/mg DOC) are likely to impact copper 

complexation capacity. Sewage effluents, however, offer substantial copper 

complexation capacity such that the complexation capacity reduction is unlikely 

to influence copper bioavailability at the concentrations of copper typically 

found in effluent discharges.  Ozonation is therefore unlikely to practically 

increase the bioavailability of copper in effluent discharges. 

 Even high concentrations of ozone (>1mg O3/mg DOC) are unlikely to impact 

zinc complexation capacity or the bioavailability of zinc in effluent discharges. 

 Sewage effluents contain a category of non-humic ligand. These non-humic 

ligands display complexation characteristics that differ substantially from 

ligands present in samples derived from natural sources.  This ligand category 

displays a high affinity for zinc which suggests these may substantially reduce 

the bioavailability of zinc in effluent discharges to the extent that the traditional 

BLM approach might substantially overestimate zinc risk in sewage effluents 

and effluent impacted waters. 

 The complexation capacity of DOC derived from a natural source demonstrates 

an overall greater capacity to complex copper than effluent derived organic 

matter although these differences are unlikely to be significant at 

environmentally relevant concentrations at which there is a substantial excess of 

complexation capacity.  
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Table 1 Description of effluents and advanced process treatments   

Site Treatment type Treatment description 

WwTW 1 

Final effluent 
Activated sludge process treated which receives inputs 

from primarily domestic sources.  

GAC 

Final effluent sample subjected to GAC treatment 

(with coal as the adsorbant) with a 10 minute contact 

time. 

Ozone 1 

Final effluent sample subjected to advanced oxidation 

process (AOP) treatment which utilised ozone 

treatment to achieve a final ozone concentration of 2 

mg/L in combination with low level UV disinfection 

(254 nm). 

WwTW 2 

Final effluent 

Biofilter treated effluent which receives inputs from 

domestic sources and from a local brewery. WwTWs 

also operates biologically aerated flooded filters 

(BAFFs) which are situated after the biofilters and 

represent the final treatment stage prior to discharge 

into the environment. In this study, however, effluent 

derived from the biofilter treatment stage was used in 

the comparison of metal complexation characteristics. 

Ozone 2 

Final effluent sample subjected to AOP treatment 

which utilised ozone (16 mg/L) and hydrogen peroxide 

(15 mg/L) in combination with low level UV treatment 

(254 nm). 

Ozone 3 

Final effluent sample subjected to a novel low-energy 

oxidation treatment which generates ozone and UV in-

situ and utilises micro-bubble technology. The sample 

assessed had been produced from batch mode 

operation where 170 L of effluent had been subject to 

ozone treatment over a 4 hour period to achieve an 

ozone concentration of 2 mg/L.  

 

 

 

 

 

 

 



Table 2 Physico-chemical characteristics of effluent and SRFA 

Source Sample type DOC (mg/L) ε350nm 

WwTW 1 

Final effluent 5.82 0.0051 

GAC 4.56 0.0053 

Ozone 1 5.15 0.0023 

WwTW 2 

Final effluent 5.90 0.0094 

Ozone 2 11.64 0.0015 

Ozone 3 5.99 0.0076 

SRFA Fulvic acid 4.78 0.0162 

 

Figure 1 The effect of advanced treatment on the copper complexation characteristics of 

effluent from WwTW 1 (FE = final effluent, Ozone = ozonation, GAC = granular 

activated carbon, SRFA = Suwannee river fulvic acid). 

Figure 2 The effect of advanced treatment on the zinc complexation characteristics of 

effluent from WwTW 1 (FE = final effluent, Ozone = ozonation, GAC = granular 

activated carbon). 

Figure 3 The effect of advanced treatment on the copper complexation characteristics of 

effluent from WwTW 2 (FE = final effluent, Ozone = ozonation, GAC = granular 

activated carbon, SRFA = Suwannee river fulvic acid). 

Figure 4 The effect of advanced treatment on the zinc complexation characteristics of 

effluent from WwTW 2 (FE = final effluent, Ozone = ozonation, GAC = granular 

activated carbon, SRFA = Suwannee river fulvic acid). 

Figure 5 The relationship between copper complexation capacity and SUVA. The error 

bars represent the complexation capacity 95% confidence interval range. The solid line 

represents the linear relationship between complexation capacity and SUVA for the 

effluent samples (excludes SRFA). 

Figure 6 The relationship between zinc complexation capacity and SUVA. The error 

bars represent the complexation capacity 95% confidence interval range. The solid line 

represents the linear relationship between complexation capacity and SUVA for the 

effluent samples (excludes SRFA). 



 Figure 1 The effect of advanced treatment on the copper complexation characteristics 

of effluent from WwTW 1 (FE = final effluent, Ozone = ozonation, GAC = granular 

activated carbon, SRFA = Suwannee river fulvic acid). 

 

 

 

 

 

 

 

 

 

 

 

 



 

 Figure 2 The effect of advanced treatment on the zinc complexation characteristics of 

effluent from WwTW 1 (FE = final effluent, Ozone = ozonation, GAC = granular 

activated carbon). 

 

 

 

 

 

 

 

 

 

 

 



 

 

 Figure 3 The effect of advanced treatment on the copper complexation characteristics 

of effluent from WwTW 2 (FE = final effluent, Ozone = ozonation, GAC = granular 

activated carbon, SRFA = Suwannee river fulvic acid). 

 

 

 

 

 

 

 

 

 



 

Figure 4 The effect of advanced treatment on the zinc complexation characteristics of 

effluent from WwTW 2 (FE = final effluent, Ozone = ozonation, GAC = granular 

activated carbon, SRFA = Suwannee river fulvic acid). 

 

 

 

 



 Figure 5 The relationship between copper complexation capacity and SUVA. The error 

bars represent the complexation capacity 95% confidence interval range. The solid line 

represents the linear relationship between complexation capacity and SUVA for the 

effluent samples (excludes SRFA). 

 

 

 

 

 

 

 



 

Figure 6 The relationship between zinc complexation capacity and SUVA. The error 

bars represent the complexation capacity 95% confidence interval range. The solid line 

represents the linear relationship between complexation capacity and SUVA for the 

effluent samples (excludes SRFA). 

 

 

 

 

 

 


