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BPA 

The change in concentration of BPA stored in ultrapure water at room temperature in 

amber glass jars (RT) and clear glass jars (RTUV) can be seen in Figure 15 and Figure 16. The 

error bars, representing standard error between replicates (n=3), were omitted from the graph to 

more clearly visualize the magnitude of the responses, and the values can be seen in  

 

 

 

 

Table 19 in the appendix. 

 

 

Figure 15: Concentration change of BPA in ultrapure water, stored for 36 days at room 

temperature in amber glass jars (RT) and clear glass jars (RTUV), each at three 

different pH’s (3, 7, and 11).   
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ability of BPA to photodegrade, the following analyses were done in amber glass storage jars 

only. 

3.1.2 Degradation at Varying Storage Temperatures  

In order to determine the effects of waters containing the target analytes stored at 

differing temperatures, a comparison of the degradation of BPA and NP in ultrapure water was 

conducted by storing the water concurrently in amber glass jars at room temperature as well as at 

4 ºC. For this experiment, ultrapure water spiked with both BPA and NP was pH adjusted to the 

same three pHs and held at either room temperature or 4 ºC. To gain a better understanding of 

the concentration changes, samples were initially extracted daily for three days, after which they 

were extracted at days 6, 10, 18, 26, and 48. Because holding times of water samples containing 

organic analytes is generally no longer than 28 days (ASTM Standard D3694, 2011), a longer 

storage period beyond 48 days was not conducted. For this and all remaining experiments, 
13

C12 

BPA was used as an internal standard to better improve response consistency.       

NP 

The concentration change of NP in ultrapure water at room temperature and 4 ºC can be 

seen in Figure 18. In the case of the room temperature storage, the concentration of NP remains 

relatively stable, until day 27 where it can be seen that all three pH’s exhibited a loss of 

approximately 50%. Given that at the following extraction at day 48 the concentration has risen 

back to around 100% of the original concentration, it can be assumed that that loss was due to 

adsorption of NP onto the glass walls of the storage containers. Just as mentioned previously, 

because of NP’s low solubility and high logKOW, there is an increased tendency for the 

compound to adhere to the glass surface. In the case of the refrigerated samples, a similar trend 

can be seen where there is a gradual decrease with a sudden increase in concentration across all 

pH’s. It is assumed that it is for the same reasons as stated previously. Based on these graphs, it 

can be seen that there are very little differences between the storage temperatures, as well as the 

pH’s, indicating that in ultrapure water, NP is relatively stable. It can therefore be postulated that 
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NP will not undergo abiotic degradation such as hydrolysis, which is in accordance with 

previous studies (EU, 2002).   

 

 

Figure 18: Concentration change of NP in ultrapure water, stored  in amber glass jars for 48 days 

at room temperature (RT) and 4 ºC, each at three different pH’s (3, 7, and 11). Error 

bars represent standard error between replicates (n=3).    

To further investigate the significance of the concentration changes of NP, the ANCOVA 

was performed and these results can be seen in the appendix in Table 24. Based on these results, 

it can be concluded that in ultrapure water, there is no evidence that the concentration of NP will 

significantly change over time, nor that the pH or the storage temperature will affect the 

concentration of NP over time, further confirming our assumption.   

BPA 

The concentration change of BPA in ultrapure water at room temperature and 4 ºC can be 

seen in Figure 19. Just as with NP, there are very little observable differences between the 
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The loss in concentration of BPA ranges between 3-31% (Table 7). It was observed that 

that within the first 33 days of storage, degradation was much faster than that at 196 days. For 

the first 33 days of storage, the log concentration of BPA decreased by 0.00143 log[ppb] day
-1

. 

However, by looking at the change in concentration throughout the entire 196 day storage of 

replicate 1, the log concentration decreased by 0.00063 log[ppb] day
-1

. Given that the rate of 

degradation throughout 196 days of storage was less than half that of the 33 days of storage, it 

could be inferred that there was some degree of adsorption of BPA to the glass storage containers 

and that the degradation was concentration dependent. In NP, we’ve seen erratic concentration 

changes that we attributed to adsorption. The results of the present experiment indicate that the 

degradation of BPA seems to follow first order kinetics, with relatively good correlations of 

determination, shown in Figure 22. Even when looking at only the first 33 days, the correlations 

of determination are also relatively high, with values of 0.9131 for pH 3, 0.9334 for pH 7, and 

0.9736 for pH 11. When stored at room temperature in amber glass jars, the half-life of BPA was 

calculated to be 475 days.     

Table 7: Change in BPA concentration throughout 32 and 196 days of storage in ultrapure water 

at room temperature in amber glass jars. Concentrations are reported as ppb. 

 
[BPA] on 

Day 0  

[BPA] on 

Day 32  

[BPA] on 

Day 196  

% Loss at 

Day 32 

% Loss at 

Day 196 

pH 3 RT 1 12.158 10.177 9.431 16.296 22.430 

pH 7 RT 1 11.253 9.329 8.156 17.097 27.525 

pH 11 RT 1 10.184 8.503 6.994 16.506 31.318 

pH 3 RT 2 12.928 12.283  4.984  

pH 7 RT 2 12.902 12.202  5.426  

pH 11 RT 2 12.755 12.319  3.416  
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Figure 22: First order degradation of BPA in RT DI water. These results are presented as the 

average of the two experiment replicates. 

3.2 WASTEWATER DEGRADATION EXPERIMENTS 

3.2.1 Degradation in Sterile and Non-sterile Filtered Wastewater 

In order to determine the effect of biodegradation on NP and BPA, a comparison 

experiment was done using filtered nonsterile and autoclaved influent wastewater. Influent 

wastewater was collected in six 1-L amber glass bottles, after which they were filtered through 

glass fiber filters. Three of the 1-L jars of wastewater were then sterilized in an autoclave, while 

the other three were kept untreated (referred to hereafter as “nonsterile”). Both sterile and 

nonsterile waters were pH adjusted to a pH of 3 or 11 through the addition of HCl and/or NaOH, 

and one set of jars was left unadjusted (referred as “pH 7” hereafter). All samples were held 

concurrently at room temperature. Samples were extracted at days 0, 1, 2, 4, 8, 16, 33, and 110. 

The concentrations of native NP and BPA were determined by SBSE followed by TD-GC-MS. 
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   NP 

The concentration change of NP in filtered sterile and nonsterile wastewater is shown in 

Figure 23, and zoomed in in Figure 24. There was a similar trend to what has been observed in 

our previous experiments, where we noted an increase in the concentration of NP. While 

adsorption to the glass walls is certainly still a possibility, the fact that the NP levels for some of 

the treatments on Day 17 were above the time zero concentration point indicates that a new 

factor must also be considered. In wastewater, there is a vast range of other organic compounds 

present within the water, such as nonylphenol ethoxylates (NPEOs). It is known that NPEOs 

degrade into NP, and therefore such an increase in concentration described above could be due to 

the degradation of these NPEOs. Therefore, for all of the wastewater experiments, the 

concentration change of nonylphenol monoethoxylate (NPEO1) was also studied. These results 

are presented in the next topic.       

 

 

Figure 23: Concentration change of NP stored in sterile (AUTO) and nonsterile (NAT) filtered 

wastewater (FWW) at room temperature, and under three different pHs, for 110 

days. Error bars represent standard error between sample replicates (n=3).  
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By looking at the ANCOVA results, the change in NP’s log concentration in sterile or 

nonsterile filtered wastewater was statistically significant (see appendix Table 30). Although the 

effect of pH alone on the degradation of NP in sterile wastewater was not significant, there is an 

interaction between pH and time, indicating the different pHs will cause a change in the degree 

of degradation over time. The same can be said for the three-way interaction between pH, 

medium, and time.    

 

 

Figure 24: Concentration change of NP stored in sterile (AUTO) and nonsterile (NAT) filtered 

wastewater (FWW) at room temperature, and under three different pHs, for 33 days. 

Error bars represent standard error between sample replicates (n=3). 
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Figure 28: Response ratios of NP isomers in sterilized (autoclaved) filtered wastewater at pH 7. 

Ratios are reported as the instrument response of the NP isomer to the instrument 

response of the internal standard.  

 

 NPEO1 
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as the two storage conditions. Additionally, this data shows that while pH doesn’t seem to effect 

the NPEO1 concentration individually, the slopes in time are significantly different across the 

three different pHs (see appendix  

 

Table 35, “pH” and “pH*Time”).  

 

Figure 29: Concentration change of NPEO1 stored in sterile (AUTO) and nonsterile (NAT) 

filtered wastewater (FWW) at room temperature, and under three different pHs, for 

110 days. Error bars represent standard error between sample replicates (n=3). To 

prevent excessive skewing, pH 7 NAT, day 8’s error bar is cut off; the true value is 

±2.253.  
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Figure 30: Concentration change of NPEO1 stored in sterile (AUTO) and nonsterile (NAT) 

filtered wastewater (FWW) at room temperature, and under three different pHs, for 

33 days. Error bars represent standard error between sample replicates (n=3). To 

prevent excessive skewing, pH 7 NAT, day 8’s error bar is cut off; the true value is 

±2.253. 

When looking individually at the storage conditions, the change in concentration is 

significant for both. Additionally, the pH factor, as well as the interaction between the pH and 
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storage, as previously shown (Figure 23 and Figure 24). Since we see degradation of NPEO1 in 
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see degradation of NP, we can conclude that perhaps concurrent degradation of NP is occurring 

at a pH of 7. It could also explain the low correlations of determination in NP first order or 

second order degradation plot. When looking at the complete 110 day storage, the degradation of 

NPEO1 at pH 3 becomes statistically significant, which could indicate an acclimation period of 

the bacteria to the pH adjustment. For the nonsterile waters, degradation is seen in pH 7 and pH 

11 for both storage periods (0-33 days and 0-110 days). At both 33 and 110 days, we can see that 

the degradation of NPEO1 in pH 7, regardless of whether it was sterilized or not, is higher than 

the other two pHs. This shows that the additions of high enough concentrations of acid or base 

are capable of slowing down the degradation of NPEO1 to a certain degree. Percentages lost for 

each water storage is summarized in Table 10. The first-order degradation curves of NPEO1 in 

autoclaved and natural filtered wastewater are shown in Figure 31 and Figure 32, respectively. In 

the autoclaved wastewater it is abundantly clear there is a large difference between the 

degradation in pH 7 versus pH 3 and pH 11, further demonstrating our observation that the pH 

adjustment will slow down degradation. For the natural wastewater, it is likely that the 

degradation of NPEO1 under all three pHs followed a first order reaction rate. The sharp increase 

seen in NPEO1 concentration at pH 7 could be explained by assuming the higher order NPEOs 

are readily biodegradable at a pH of 7, thus degrading into NPEO1 and causing an increase. As 

such, it would seem that at pH 7 in natural wastewater, NPEO1 follows more of second order 

degradation, as shown in Figure 33 and this holds true for all pH adjusted wastewater. It should 

be noted that the filtration step did not affect the degradation of NPEO1. 
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Table 9: Rates of change in the log concentration of NPEO1 over time, stored in sterilized 

(AUTO) and nonsterilized (NAT) filtered wastewater at room temperature and three 

different pHs. Those rates shown in red are statistically different from zero.  

 Rate of change between 0-33 days Rate of change between 0-110 days 

pH 3 AUTO +0.00177 -0.00198 

pH 7 AUTO -0.00761 -0.01217 

pH 11 AUTO +0.00057 -8.023 × 10
-5

 

pH 3 NAT +4.424 × 10
-5

 -0.00148 

pH 7 NAT -0.03343 -0.01515 

pH 11 NAT -0.02149 -0.06077 

Table 10: Change in NPEO1 concentration throughout 33 and 110 days of storage in filtered 

wastewater at room temperature in amber glass jars. Concentrations are reported as 

ppb. 

 
[NPEO1] 

on Day 0. 

[NPEO1] 

on Day 33. 

[NPEO1] 

on Day 

110 

% Loss at 

Day 33 

% Loss at 

Day 110 

pH 3 AUTO 2.17 2.598 1.393 -19.932 35.701 

pH 7 AUTO 2.035 0.985 0.103 51.590 94.956 

pH 11 AUTO 2.454 2.033 1.911 17.185 22.146 

pH 3 NAT 4.069 3.704 2.783 8.962 31.593 

pH 7 NAT 4.216 0.327 0.146 92.245 96.477 

pH 11 NAT 4.292 0.631 0 85.297 100 
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Figure 31: First order degradation of NPEO1 in sterilized (autoclaved) filtered wastewater at 

room temperature, stored in amber glass jars under three different pHs. 

 

Figure 32: First order degradation of NPEO1 in non-sterilized (natural) filtered wastewater at 

room temperature, stored in amber glass jars under three different pHs. 
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Figure 33: Second order degradation of NPEO1 in non-sterilized (natural) filtered wastewater a 

room temperature, stored in amber glass jars under three different pHs.  

BPA 
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concentration over time, and the rate of change is statistically different according to pH 

(appendix Table 37). However, for the period of 33 day, there is still a statistically significant 

change in concentration over time, but the pH does not seem to have an effect on the rate of 

change over time (appendix Table 38). The rates of change for each can be seen in Table 11.   

 

 

Figure 34: Concentration change of BPA stored in sterile (AUTO) and nonsterile (NAT) filtered 

wastewater (FWW) at room temperature, and under three different pHs, for 110 

days. Error bars represent standard error between sample replicates (n=3).  
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Figure 35: Concentration change of BPA stored in sterile (AUTO) and nonsterile (NAT) filtered 

wastewater (FWW) at room temperature, and under three different pHs, for 33 days. 

Error bars represent standard error between sample replicates (n=3).  

Table 11: Rates of change in the log concentration of BPA over time, stored in sterilized 

(AUTO) and nonsterilized (NAT) filtered wastewater at room temperature and three 

different pHs. The rates displayed in red are those that were statistically different 

from zero. 

 Rate of change between 0-33 days Rate of change between 0-110 days 

pH 3 AUTO -0.00445 -0.00023 
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-5
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By examining the rates of change for the first 33 days, it was noticed that for the natural 

wastewater in particular, the water stored at pH 7 seemed to exhibit the fastest degradation of 

BPA. This shows that the pH adjustment does in fact eliminate, or at the very least deactivate, 

the bacteria capable of degrading BPA. Looking at the rates of change for the complete 110 day 

storage, the degradation rates for the natural pH 7 waters were again larger than that of pH 3 and 

11. Furthermore, it was determined that the rates of change in log concentration of BPA stored at 

pH 3 and 11 were not different than zero, indicating only the samples stored at pH 7 (or an 

unadjusted pH) will undergo significant degradation. This seems to indicate that for BPA, 

adjusting the pH of the storage waters is enough to slow down degradation. Additionally, for the 

autoclaved wastewater, the degradation rates seemed to be relatively equal within the first 33 

days. It can be attributed to adsorption to the walls of the storage container. After 110 days, 

however, only the rate of change in log concentration under pH 7’s rate of change was different 

from zero, which is the same result that was shown for the nonsterile wastewater. For pH 7 in the 

autoclaved water, the rate of change dramatically increases, providing further evidence to 

support the idea that the autoclave doesn’t kill off all the bacteria, and they may be able to 

gradually proliferate during longer storage periods, while the bacteria capable of biodegrading 

BPA were kept deactivated or eliminated under pH 3 and pH 11.        

The actual changes in concentration between the two storage conditions are summarized 

in Table 12. It should be noted that the autoclave process does not seem to affect the starting 

concentration of BPA like it did for NP and NPEO1. In fact, it seemed to enrich the 

concentration slightly; however it is unknown if this was due to a contamination or some other 

factor. The degradation of BPA in both autoclaved and natural water was likely to follow a first 

order reaction, as can be seen in Figure 36 and Figure 37, respectively. Under both storage 

conditions, the degradation under pH 7 waters exhibited a much greater degree of degradation 

than that of the pH 3 and 11. Given that in the autoclaved water under pH 3 and pH 11 the 

degradation seems essentially straight, we are able to further prove that BPA does not undergo 

significant degradation in the pH adjusted autoclaved and natural wastewaters (Table 12) during 
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the 110 day storage period. The half-lives of BPA in filtered wastewater was calculated to be 65 

days in natural wastewater, and 128 days in autoclaved wastewater.   

Table 12: Change in BPA concentration throughout 33 and 110 days of storage in filtered 

wastewater at room temperature in amber glass jars. Concentrations are reported as 

ppb. 

 
[BPA] on 

Day 0 

[BPA] on 

Day 33 

[BPA] on 

Day 110 

% Loss at 

Day 33 

% Loss at 

Day 110 

pH 3 AUTO 0.129 0.092 0.123 28.748 4.4793 

pH 7 AUTO 0.135 0.104 0 23.039 100 

pH 11 AUTO 0.139 0.098 0.129 29.721 6.891 

pH 3 NAT 0.114 0.085 0.114 25.868 0.477 

pH 7 NAT 0.114 0.049 0.0380 56.874 66.801 

pH 11 NAT 0.127 0.075 0.121 40.482 4.460 

 

 

Figure 36: First order degradation of BPA in sterilized (autoclaved) filtered wastewater at room 

temperature, stored in amber glass jars under three different pHs. 
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Figure 37: First order degradation of BPA in non-sterilized (natural) filtered wastewater at room 

temperature, stored in amber glass jars under three different pHs. 
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NP 

The concentration change for NP can be seen in Figure 38, for experimental replicate 1, 

and Figure 39, for experimental replicate 2. Visually speaking, in replicate 1 (Figure 38), the 

autoclaved samples seemed to perform similarly to the non-sterile (natural) samples when 

looking individually at each pH. However, across the three pHs, some differences started to 

surface. One of note is on days 1-4, we saw a steady increase in concentration of NP in the pH 7 

wastewater samples. This could be due to the degradation of NPEOs into NP. A similar trend 

was seen in the second replicate of this experiment (Figure 39), although a lesser degree of 

increase than the first replicate was observed. It could be due to the different levels of NPEOs in 

wastewaters sampled on different dates. With reasons unknown, the concentration of the natural 

pH 11 waters increased in replicate 2 while the degradation of NP appeared to showed similar 

behavior between the two replicates.   

 

 

Figure 38: Concentration change of NP stored in sterile (AUTO) and nonsterile (NAT) filtered 

wastewater (FWW) at room temperature during experiment replicate 1, and under 

three different pHs, for 32 days. Error bars represent standard error between sample 

replicates (n=3). 
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Figure 39: Concentration change of NP stored in sterile (AUTO) and nonsterile (NAT) filtered 

wastewater (FWW) at room temperature during experiment replicate 2, and under 

three different pHs, for 21 days. Error bars represent standard error between sample 

replicates (n=3). 

Statistically speaking, a significant change in NP concentration was observed (appendix 

Table 39), while there is no interaction between the change in concentration and the medium, 

meaning that the concentration change is the same across both storage mediums. Additionally, at 

95% confidence, there is no interaction between the pH and the concentration change, indicating 

that the rate of change of log concentration is also the same across all three pHs. However, the p 

value for this test was 0.052, and therefore right on the cusp of statistical significance. It is also 

important to note that the random effect of the experimental replicates is also statistically 

significant, which means that some of the variation in the log concentration can be explained by 

variations between the experimental replicates.   
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Looking only at the autoclaved waters from both experimental replicates, there was an 

interaction between the pH and the rate of concentration change (appendix Table 40). In other 

words, the log concentration changed differently across all three pHs. The same conclusions 

were observed in both replicates. In replicate 1, there is a significant change in concentration 

(appendix  

 

Table 41), and the effect of pH on degradation was significant. Over this 33 day storage 

period, the change in log concentration of NP decreased by 0.01810, 0.00893, and 0.00649 

log[ppb] day
-1

 for pH 3, 7, and 11 respectively. The slopes of the change in log concentration of 

NP over time are larger in the current wastewater experiment than they were in the ultrapure 

water experiment (values ranged between 0.00327-0.00482 log[ppb] day
-1

), we can infer that a 

certain extent of biodegradation has occurred. In replicate 2, we also see a statistically significant 

change in concentration, as well as the effect of pH on degradation being significant (appendix 

Table 42). There was also a significant interaction between the pH and the change in log 

concentration over time.  

Contrary to the results obtained from the filtered wastewater, degradation of NP in 

autoclaved and unfiltered wastewater within this storage experiment’s time period (33 days) was 

observed. This could be due to a couple of different factors. First, in the unfiltered wastewater, 

NP could be partitioning to the sediment rather than actually degrading. Second, the filtration 

process was capable of removing a certain amount of bacteria capable of degrading NP. 

Therefore it would be valuable to further study this effect by determining the concentration of 

NP in the sediment of the unfiltered wastewater. However, we can conclude that while it is not 

enough to stop degradation, filtration is a worthwhile step to slow degradation.  

   Next we look at the natural, non-sterile wastewaters. For both the experimental 

replicates, we see that there is a significant change in log concentration over time, as well as a 

significant interaction between the pH and the change in log concentration (appendix Table 43). 

This means that the concentration will change at different rates among the three pHs. 
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Additionally, the random effect of the replicate is statistically significant, which can also account 

for some of the variability in the log concentration due to variability between replicates. When 

we look individually at each replicate’s natural waters, we see that for both replicates, there is a 

statistically significant change in concentration (appendix Table 44 & Table 45). However, in 

replicate 1, it appears as though there is no significant interaction between pH and the 

concentration change. Again, this means that the concentration will change at the same rate 

across all three pHs. For replicate 2, the interaction between the pH and the concentration change 

IS significant, however. We can see the various rates of change in non-sterile wastewater for 

each replicate in Table 13. In replicate 1, there did seem to be a decrease in log concentration 

over time, whereas in replicate 2, log concentration seemed to increase over time. Therefore we 

see that there is variability between the two replicates. Given that the wastewater for each 

replicate was collected on different days, a certain degree of variability is expected. The changes 

in concentration are shown in Table 14. If a negative loss in concentration is observed, it 

indicates that the concentration actually increased. We can see that during experiment replicate 

2, the concentration of NP seemed to increase. However, we must also remember to consider the 

possibility that NP can adsorb onto the glass walls of the storage container and gradually be 

released back to the water, and that other NPEOs can break down in the water and turn into NP. 

This first phenomenon was observed in the ultrapure water experiments within around 30 days. 

Since replicate 2 was only extracted until day 21, there is the possibility that the equilibrium NP 

must reach in order to release from the storage container’s wall occurs after that time period. 

Samples in replicate 1 were extracted at a time period 12 days longer and do in fact show a 

degradation. Therefore, we can conclude that in non-sterile wastewater, the biodegradation of NP 

will occur during time periods longer than approximately 33 days, with the possibility of 

adsorption onto glass walls (which can manifest as degradation) before that time point. Just as 

with the filtered wastewater, the degradation of NP in wastewater seems to follow a second order 

rate, as can be seen in Figure 40 and Figure 41. Contrary to the filtered wastewater experiment, 

however, the slopes of the lines seem to be relatively equal (recall that in the filtered wastewater 
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experiment, the slope of the pH 7 water was much steeper than the other two). Therefore, it can 

be postulated that perhaps filtration of the wastewater will affect the degradation of NP in 

wastewater. It appears that filtration of the wastewater, as well as pH adjustment, are the best 

conditions with which to slow down the degradation of NP.    

Table 13: Rates of change (log10ppb day
-1

) for the log concentration change over time for NP in 

non-sterile (NAT) wastewater at various pHs (3, 7, and 11).    

 Rate of change 

pH 3 NAT 1 -0.01589 

pH 7 NAT 1 -0.01980 

pH 11 NAT 1 -0.00790 

pH 3 NAT 2 +0.00675 

pH 7 NAT 2 +0.026575 

pH 11 NAT 2 +0.01836 

Table 14: Change in NP concentration throughout storage in non-sterile (NAT) wastewater at 

room temperature in amber glass jars. Concentrations are reported as ppb. 

 
[NP] on 

Day 0 

[NP] on 

Day 33 

[NP] on 

Day 21 

% Loss at 

Day 33 

% Loss at 

Day 21 

pH 3 NAT 1 2.478  1.186  52.149  

pH 7 NAT 1 4.189 1.174  71.977  

pH 11 NAT 1 5.8938 4.623  21.568  

pH 3 NAT 2 2.213   2.450  -10.715 

pH 7 NAT 2 2.559  7.737  -202.316 

pH 11 NAT 2 1.903  5.101  -168.075 
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Figure 40: Second order degradation of NP in nonsterilized wastewater during replicate 1 at 

room temperature, stored in amber glass jars under three different pHs. 

 

Figure 41: Second order degradation of NP in nonsterilized wastewater during replicate 2 at 

room temperature, stored in amber glass jars under three different pHs. 
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The change in the ratio of NP isomer was also studied and can be seen in Figure 42 and 

Figure 43, for the natural and autoclaved wastewater, respectively, for experimental replicate 1. 

It appears as though there are no major discrepancies in the degradation of each isomer until day 

32 for the natural wastewater. At this time point, the isomer NP2 and NP10 seem to degrade to a 

greater extent than the previous day. Similar results are seen in the autoclaved wastewater.   

 

 

Figure 42: Response ratios of NP isomers in non-sterilized wastewater at pH 7. Ratios are 

reported as the instrument response of the NP isomer to the instrument response of 

the internal standard. 
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Figure 43: Response ratios of NP isomers in autoclaved wastewater at pH 7. Ratios are reported 

as the instrument response of the NP isomer to the instrument response of the 

internal standard. 

NPEO1 
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though there is steady increase in the concentration of NPEO1 during the first 4 days of storage 

in pH 7 in both replicates. Again, the main difference is that the concentration of NPEO1 in 

replicate 2 doesn’t seem to increase to as high a point as replicate 1. This increase could be due 

to the degradation of higher chain length NPEOs. And again, we see similar activity of the 
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Figure 44: Concentration change of NPEO1 stored in sterile (AUTO) and nonsterile (NAT) 

filtered wastewater (FWW) at room temperature during experiment replicate 1, and 

under three different pHs, for 32 days. Error bars represent standard error between 

sample replicates (n=3). 

 

Figure 45: Concentration change of NPEO1 stored in sterile (AUTO) and nonsterile (NAT) 

filtered wastewater (FWW) at room temperature during experiment replicate 2, and 

under three different pHs, for 21 days. Error bars represent standard error between 

sample replicates (n=3). 
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Statistically speaking, there is a significant change in log concentration over time, as well 

as a statistically significant difference between pHs and storage mediums (appendix Table 46). 

The interaction between pH and time is significant, indicating the concentration change of 

NPEO1 stored under various pHs will vary. However, the interaction between the storage 

medium and time is not significant, indicating that the concentration change of NPEO1 in the 

non-sterile and autoclaved wastewater will be statistically similar. The random effect of the 

experimental replicate is also statistically significant, which explains some of the variability of 

the log concentration in time as arising from the variability between experimental replicates.  

Looking only at the autoclaved wastewater samples, it appears as though there is also a 

statistically significant change in log concentration over time (appendix Table 47). However, 

there is no interaction between pH and time, so the concentration of NPEO1 should change at the 

same rate, regardless of pH, in autoclaved wastewater. According to the data for each individual 

replicate, this is also true (appendix  

 

 

Table 48 and Table 49). Therefore, it appears that there is a statistically significant 

concentration change of NPEO1 in autoclaved wastewater, and the log concentration will change 

at the same rate over time, regardless of the storage pH. The changes in concentration for 

NPEO1 are shown in Table 15. For experimental replicate 1, the degradation ranges between 59-

79%, with the pH 11 storage exhibiting the least amount of degradation. For replicate 2, the 

results are quite different and the degradation ranges from 3-64%, with pH 7 exhibiting the least 

amount of degradation. It also appears that the degradation of NPEO1 in autoclaved wastewater 

follows a second order reaction rate, as shown in Figure 46 and Figure 47. Therefore, the 

differences in degradation between the two experimental replicates are not so alarming. Since the 

wastewater was analyzed for native concentrations of the EDCs, it is impossible to control the 

concentration of precursor compounds to NPEO1, and therefore degradation is expected to vary 

as the degradation of NPEO1 is likely to follow a second order reaction. Although these rates are 
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not statistically significantly different from each other, for the first replicate experiment, the log 

concentration of NPEO1 seems to degrade at a rate of 0.02448, 0.02763, and 0.01567 log[ppb] 

day
-1

 for pH 3, 7, and 11, respectively, while they were 0.00559, 0.00083, and 0.01060 log[ppb] 

day
-1

 for pH 3, 7, and 11, respectively, for the second replicate (although they were also not 

statistically significantly different from each other). Additionally, these rates are higher in these 

experiments using unfiltered wastewater, as compared to the rates in filtered wastewater (refer to 

Table 9). Therefore we can conclude that although it is not enough to prevent degradation, the 

filtration step of autoclaved wastewater will reduce the amount of degradation of NPEO1. 

Furthermore, it appears that the autoclave process is also not enough to prevent degradation of 

NPEO1 in wastewater, indicating that NPEO1 is more degradable than NP.      

Table 15: Change in NPEO1 concentration throughout storage in autoclaved wastewater at room 

temperature in amber glass jars. Concentrations are reported as ppb. 

 
[NPEO1] 

Day 0 

[NPEO1] 

Day 33 

[NPEO1] 

Day 21 

% Loss at 

Day 33 

% Loss at 

Day 21 

pH 3 AUTO1 8.435 2.03  75.851  

pH 7 AUTO 1 12.526 2.6443  78.891  

pH 11 AUTO 1 11.177 4.611  58.743  

pH 3 AUTO 2 3.165  2.037  35.642 

pH 7 AUTO 2 3.055  2.962  3.0459 

pH 11 AUTO 2 1.713  0.613  64.203 
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Figure 46: Second order degradation of NP in sterilized wastewater during replicate 1 at room 

temperature, stored in amber glass jars under three different pHs. 

 

Figure 47: Second order degradation of NP in sterilized wastewater during replicate 2 at room 

temperature, stored in amber glass jars under three different pHs. 
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Looking at the concentration change of NPEO1 in natural (non-sterile) wastewater, there 

is a statistically significant change in concentration over time (appendix Table 50). Additionally, 

there is an interaction between concentration change and pH, indicating that the concentration of 

NPEO1 in natural wastewater will change at different rates across the three pHs. The random 

effect of replicate is also significant, accounting for some of the variation in concentration. 

Individually, the concentration change of NPEO1 in natural wastewater is different between 

replicates. For replicate 1, the interaction between pH and the concentration change is not 

significant (appendix Table 51); however, for replicate 2, it is, for reasons currently unknown 

(appendix Table 52). The changes in concentration of NPEO1 can be seen in Table 16. During 

the first replicate, the total loss in concentration ranged from 70-86%. In the second replicate, the 

losses are quite different. The pH 7 water experienced the highest degradation, at 94%. This 

result can also explain the observation in the concentration change for NP in the natural waters at 

pH 7 in which the concentration seems to increase and flatten out above the original NP 

concentration, perhaps due to NPEO1 degrading into NP. pH 3 seemed to degrade only about 

54% in replicate 2, whereas pH 11 actually gained 92% of its original concentration (i.e. the 

concentration nearly doubled from day 0 to day 21). This same observation occurred in the 

samples analyzed for NP, in which there was less degradation, and even an increase in 

concentration, of the samples stored for 21 days as opposed to the samples stored for 33 days. 

This could be due to the higher chain NPEOs being more readily biodegradable in the beginning 

of the storage experiment, which would thus increase the concentration of NP and NPEO1, and 

during the storage period sometime between 21 and 33 days, NP and NPEO1 are able to degrade. 

This explains why the degradation of NPEO1 in non-sterile wastewater seems to follow more of 

a second order rate, as can be seen in Figure 48 and Figure 49. Additionally, the rates of 

degradation between the unfiltered wastewater and this filtered wastewater were very similar, 

indicating that the additional step of filtration may not be necessary. In addition, it was reported 

that bacteria that degrade NPEOs have different growth at different pH values (Ruiz et al., 2013). 
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Some degradation variation in two replicates could be the result of the difference in the bacterial 

population, which in turn caused NPEOs to degrade at different rates under different pH settings.    

Table 16: Change in NPEO1 concentration throughout storage in wastewater at room 

temperature in amber glass jars. Concentrations are reported as ppb. 

 
[NPEO1] 

on Day 0 

[NPEO1] 

on Day 33 

[NPEO1] 

on Day 21 

% Loss at 

Day 33 

% Loss at 

Day 21 

pH 3 NAT 1 8.134  2.476  69.556  

pH 7 NAT 1 11.3511 1.552  86.329  

pH 11 NAT 1 10.007 2.609  73.930  

pH 3 NAT 2 5.994  2.737  54.340 

pH 7 NAT 2 6.335  0.359  94.328 

pH 11 NAT 2 5.685  10.921  -92.097 

 

 

Figure 48: Second order degradation of NPEO1 in nonsterilized wastewater during replicate 1 at 

room temperature, stored in amber glass jars under three different pHs. 

y = 0.0831x + 0.8065 
R² = 0.8909 

y = 0.1943x + 0.1956 
R² = 0.8636 

y = 0.0992x + 0.4859 
R² = 0.8676 

0

1

2

3

4

5

6

7

8

0 5 10 15 20 25 30 35

1
/[

C
/C

0]
 

Time (days) 

Second Order Degradation of NPEO1 in NAT WW Replicate 
1 

pH 3 NAT 1

pH 7 NAT 1

pH 11 NAT 1

Linear (pH 3 NAT 1)

Linear (pH 7 NAT 1)

Linear (pH 11 NAT 1)



 81 

 

Figure 49: Second order degradation of NPEO1 in nonsterilized wastewater during replicate 2 at 

room temperature, stored in amber glass jars under three different pHs. 
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Figure 50: Concentration change of BPA stored in sterile (AUTO) and nonsterile (NAT) filtered 

wastewater (FWW) at room temperature during experiment replicate 2, and under 

three different pHs, for 21 days. Error bars represent standard error between sample 

replicates (n=3). 
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Table 55). The change in BPA concentration over the 21 day storage period can be seen 

in Table 17. It appears as though there is a greater amount of degradation in the non-sterile 

waters as compared to those that were autoclaved. The fact that there is still minor degradation in 

the autoclaved waters agrees with our results from the ultrapure water experiments, which 

demonstrated BPA is capable of chemical degradation in ultrapure water, such as hydrolysis. The 

concentration losses in the current experiment are similar to those seen in the ultrapure water 

experiment (refer to Table 7). In the ultrapure water experiment, BPA losses at 33 days ranged 

from 16-17%, whereas in the autoclaved wastewater of the current experiment, losses ranged 

from 11-14% at 21 days. However, these results are contrary to what we saw in the filtered 

wastewater (Table 12), where degradation of BPA in autoclaved wastewater ranged from 23-

29% at 33 days. As of yet, the reason for this is unknown. For the non-sterile wastewater, 

degradation ranged between 18-29% at 21 days. In the filtered wastewater, however, degradation 

ranged between 25-56% (Table 12). Therefore it appears as though filtration of wastewater 

containing BPA seems to somehow enhance the amount of degradation.         

Table 17: Concentration change of BPA in unfiltered wastewater stored at room temperature in 

amber glass jars, in three pHs (3, 7, and 11). Concentrations are reported in ppb.  

 
[BPA] 

on Day 0 

[BPA] on 

Day 21 

% Loss at 

Day 21 

pH 3 AUTO  0.192 0.165 14.298 

pH 7 AUTO  0.188 0.160 14.738 

pH 11 AUTO  0.191 0.169 11.672 

pH 3 NAT 0.157 0.128 18.291 

pH 7 NAT  0.153 0.123 19.772 

pH 11 NAT  0.162 0.115 28.788 

In both autoclaved and non-sterile wastewaters, the degradation of BPA follows a first 

order reaction rate. This is demonstrated in Figure 51 and Figure 52. For the autoclaved 

wastewater, degradation is expected to occur at 0.00189, 0.00247, 0.00233 log[ppb] day
-1

 for pH 
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3, 7, and 11, respectively, although the rates are statistically different. For the non-sterile 

wastewater, the degradation rates are 0.00286, 0.00301, and 0.00409 log[ppb] day
-1

 for pH 3, 7, 

and 11, respectively. Although they are also statistically different from each other, that minor 

difference between the rates of degradation of autoclaved wastewater and non-sterile wastewater 

are significant.   

 

 

Figure 51: First order degradation of BPA in non-sterile wastewater stored in amber glass jars at 

room temperature and three pHs (3, 7, and 11) for 21 days. 
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Figure 52: First order degradation of BPA in autoclaved wastewater stored in amber glass jars at 

room temperature and three pHs (3, 7, and 11) for 21 days. 

3.3 FENTON DEGRADATION REACTION 

The results presented previously show a slow degradation in water and wastewater. A 

significant amount of research has been done on finding other techniques to remove EDCs in 

those media. Advanced oxidation processes (AOPs) are of particular interest to be used to 

degrade organic constituents in water. In this study, we used the Fenton reaction, a chemical 

oxidation process, to briefly demonstrate the degradation of our target EDCs as compared to the 

natural degradations.   

The Fenton reaction is an oxidative reaction that relies on the production of hydroxide 

radicals (OH) through reaction of hydrogen peroxide with iron (II) sulfate heptahydrate (a 

catalyzing agent, commonly referred to as the Fenton reagent). The formation of the hydroxide 

radical is shown in Equation 1: 

 

𝐹𝑒2+ + 𝐻2𝑂2 → 𝐹𝑒3+ +  𝑂𝐻 + 𝑂𝐻−        (1) 

 

y = -0.0066x - 0.007 
R² = 0.913 

y = -0.0084x + 0.0091 
R² = 0.9561 
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R² = 0.7716 
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The Fenton reaction of alkylphenols and BPA in water has been extensively studied 

(Gültekin & Ince, 2007) and holds several benefits as an advanced oxidative process, namely 

because iron is an abundant and non-toxic element and peroxide is environmentally safe 

(Yongmei Li & Zhang, 2014). Additionally, the Fenton oxidation reaction is a relatively fast 

process, with typical reaction times reported within one hour. 

The Fenton reagents used for this experiment were based on the reported procedure by 

Poerschmann, Trommler, & Górecki, 2010 with slight modification. Due to the presence of 

additional organic and inorganic materials, which will both compete for the OH, in the influent 

wastewater, the concentrations of Fe
2+

 and H2O2 were increased. 

3.3.1 NP 

The degradation of standard NP in ultrapure water can be seen in Figure 53. It was 

evident that standard NP degradation by Fenton reagents occurs fast as the concentration was 

reduced to a level present in blank water within 32 minutes of reaction. Two different 

concentrations of Fenton reagents were used, 40 µM Fe
2+

 with 400 µM H2O2, and 80 µM Fe
2+

 

with 800 µM H2O2, and it can be seen that the higher concentration of Fenton reagents produced 

a faster degradation. Note that the original concentration of NP in the ultrapure water was spiked 

to be 500 ppb. This higher concentration was used to account for the presence of additional 

reactants that would appear in the wastewater samples that are capable themselves of degradation 

by Fenton reagents.     

The Fenton reaction was also capable of degrading the native NP in the influent 

wastewater, as is shown in Figure 54. A nearly complete removal of NP was accomplished 

within the 64 minute total reaction time. Remaining levels of NP were at levels similar to those 

seen in blank water samples.   
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Figure 53: Fenton degradation of standard NP in DI water, at two different concentrations of 

Fe
2+

/H2O2. Vertical lines represent the additions of Fenton reagents. 

 

Figure 54: Fenton degradation of native NP in wastewater. 

3.3.2 BPA 

The degradation of standard BPA in ultrapure water did prove possible. This is 

demonstrated in Figure 55. As can be seen, BPA is readily degradable. The same two 
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2+

 with 400 µM H2O2, and 80 µM Fe
2+
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a faster degradation rate, however both concentrations were able to reduce the concentration of 

BPA to below the calibration level. The BPA was degraded to levels similar to blank DI water 

within 16 minutes of reaction. Note that, just as with NP, the original concentration of BPA in 

the ultrapure water was spiked to be 500 ppb. This higher concentration was used to account for 

the presence of additional reactants that would appear in the wastewater samples that are capable 

themselves of degradation by Fenton reagents. Microliter aliquots were taken from the Fenton 

reaction vessel at the various specified time points for extraction, and this data is shown in the 

figure. 

For the degradation of BPA in wastewater, it was determined that the 80/800 µM 

Fe
2+

/H2O2 was optimal. The concentration change can be seen in Figure 56. Native BPA in 

wastewater is capable of degradation by Fenton reagents, as complete degradation was seen 

within 8 minutes.  

   

 

Figure 55: Fenton degradation of standard BPA in DI water, at two different concentrations of 

Fe
2+

/H2O2. Vertical lines represent the additions of Fenton reagents.  
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Figure 56: Fenton degradation of native BPA in wastewater. 
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Chapter 4: Conclusions 

The degradation of NP and BPA in various aqueous media was investigated. The rates of 

degradation were determined under three pHs (3, 7, and 11) as well as three storage conditions 

(room temperature, 4 ºC, and room temperature with exposure to ambient light) in ultrapure 

water to determine the degree of abiotic degradation (i.e. photolysis and hydrolysis). In influent 

wastewater, degradation was compared at room temperature under the same three pHs, as well as 

under sterile and non-sterile conditions. Storage periods ranged from 21 to 110 days.  

In ultrapure water exposed to ambient light, it was found that NP did not degrade within a 

period of 91 days. In contrast, BPA did degrade at a rate of 0.00347 log[ppb] day
-1

, due primarily 

to photodegradation, resulting in removal ranging from 55-61%. This rate of decrease was 

independent of pH. Additionally, the degradation followed that of a first order reaction. It was 

also found that NP and BPA remained stable in ultrapure water regardless of the storage 

temperature or pH in amber glass jars. At longer periods of time (e.g. 196 days of storage), no 

significant degradation of NP was observed; while for BPA degradation occurred at 0.00063 

log[ppb] day
-1

, indicating BPA is perhaps capable of undergoing both photodegradation as well 

as hydrolysis.  

In untreated influent wastewater, NP and BPA both underwent biodegradation. 

Nonylphenol monoethoxylate (NPEO1), which will degrade into NP, was also capable of 

biodegradation. In filtered wastewater for a period of 110 days, NP was degraded in both the 

autoclaved (sterile) and nonsterile samples, but only in non-pH adjusted waters. During the first 

33 days of storage, NP did not degrade in the autoclaved filtered wastewater, however during 

longer storage periods (e.g. 110 days), it degraded at a rate of 0.05327 log[ppb] day
-1

, indicating 

a possible lag phase in bacterial growth, which resulted in 100% removal of NP. For the 

nonsterile filtered wastewater, the degradation rate of NP increased from 0.0129 log[ppb] day
-1

 

during the first 33 days to 0.05722 log[ppb] day
-1

 for the entire 110 day period, resulting in 67% 

removal at 33 days and 100% removal at 110 days. In unfiltered wastewater, degradation of NP 
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was seen in both the autoclaved and the nonsterile waters at storage periods of 21-33 days and 

across all three pHs, indicating the filtration process in fact slowed the degradation of NP. An 

increase in NP concentration was also seen at a storage period of 21 days, indicating that in the 

unfiltered wastewater, the degradation of NPEO1 was more dominate than that of NP. For 

NPEO1, degradation occurred in the filtered wastewater in the autoclaved samples stored at an 

unadjusted pH of approximately 7. For the first 33 days, the concentration of NPEO1 decreased 

by 0.00761 log[ppb] day
-1

. At 110 days, NPEO1 degraded in the autoclaved filtered wastewater 

at both pH 3 and the unadjusted pH at rates of 0.00198 and 0.01217 log[ppb] day
-1

, respectively. 

For the nonsterile filtered wastewater, degradation occurred in the unadjusted pH as well as pH 

11 at rates of 0.01515 and 0.06077 log[ppb] day
-1

, respectively. Removals ranged from 22-100%. 

The degradation of both NP and NPEO1 followed second order degradation. In the unfiltered 

wastewater, the removals and rates of degradation were very similar to the filtered wastewater, 

indicating that in the case of NPEO1, filtration did not affect degradation.  

BPA was also capable biodegradation in the filtered wastewater, under both sterile 

(autoclaved) and nonsterile conditions. During the first 33 days, the rates of degradation were 

similar across all three pHs in the autoclaved filtered wastewater, ranging from 0.00239-0.00445 

log[ppb] day
-1

, the rates were 0.00023, 0.03797, 0.00019 log[ppb] day
-1

 for pH 3, 7, and 11, 

respectively. In the nonsterile filtered wastewater, the degradation was significant in only the 

waters at the unadjusted pH 7, with faster degradation occurring during the beginning of the 

storage period (rates of 0.01103 and 0.00468 log[ppb] day
-1

 for 33 days and 110 days, 

respectively). Removals ranged from 67-100%, however the rates of decrease indicate the 

autoclave process actually served to enhance the biodegradation of BPA. The degradation of 

BPA in filtered wastewater also followed a first order rate. For BPA, filtration of the water also 

seemed to enhance degradation as the degradation rates were lower in the unfiltered wastewater 

(ranging from 0.00189-0.00247 log[ppb] day
-1 

in autoclaved wastewater, and 0.00286-0.00409 

log[ppb] day
-1 

in nonsterile wastewater). In all three cases, one autoclave cycle of 60 minutes did 

not effectively sterilize the wastewater, as all three compounds were underwent biodegradation.  
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4.1 FUTURE WORK    

These results represent preliminary tests in determining the stability of NP and BPA in 

water. Further tests are required to gain a better understanding of the results obtained herein. 

Given that additional chemicals were not added to the storage waters to reduce adsorption of the 

compounds to the walls, the degree to which either compound adsorbs is unknown. Therefore, it 

would be useful to conduct the experiments in ultrapure water by adding increasing percentages 

of methanol.  

For the wastewater studies, it would be useful to culture the bacteria present in the 

autoclaved wastewater at each pH to further confirm the strains of bacteria as well as their 

survival rate after an autoclave cycle of 60 minutes. This would allow us to determine whether in 

the autoclaved samples, the EDCs do actually undergo biodegradation as opposed to abiotic 

degradation. Additionally, this would also elucidate the idea that pH adjustment to an extreme 

acidic or basic pH will also help to eliminate bacteria. To determine the extent of autoclaving 

needed to eliminate all bacteria, it would be helpful to run storage experiments concurrently in 

wastewater samples that were autoclaved for an increasing number of cycles. Again, this is to 

ensure that if a concentration change is seen, we can be clear whether it is due to abiotic or biotic 

degradation. Additionally, it would be useful to perform wastewater storage experiments in the 

same way as the ultrapure water, i.e. in clear glass jars and at 4 ºC, to determine if storage 

temperature as well as exposure to ambient light will affect the growth of bacteria, or the 

biodegradation of NP, NPEO1, and BPA. Finally, it is also necessary to determine the 

concentration of the EDCs partitioning to the sediment in the unfiltered wastewater to determine 

the degree to which biodegradation occurs versus adsorption to the sediment. Given that the 

degradation across all mediums took a very long time, we can speculate that the concentrations 

of these EDCs will remain persistent in the environment. Furthermore, relying on natural 

processes as the sole source of removal of these compounds from water is not recommended. 
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Appendix 

 

Figure 57: Structure of mirex, used as an internal standard. 

Table 18: Standard error between replicates, where n=3. A * indicates only one replicate was 

analyzed, and therefore no standard deviation with which to calculate the standard 

error was available. N/A represents data that is unavailable due to loss of samples.     

 Day 0 Day 3 Day 6 Day 9 Day 12 Day 21 Day 36 Day 56 Day 91 

pH 3 RTUV 0.594 0.396 0.079 1.058 0.631 1.530 0.146 0.416 0.160 

pH 7 RTUV 4.174 1.640 0.646 1.220 0.642 0.616 * 2.011 0.331 

pH 11 RTUV 1.531 0.612 1.185 0.441 1.507 1.502 N/A * 1.421 

pH 3 RT 2.803 1.443 0.098 1.929 0.972 1.409 1.297 0.890 0.145 

pH 7 RT 3.172 1.300 0.826 2.357 0.987 1.108 0.031 1.186 1.127 

pH 11 RT 1.509 1.482 1.305 2.356 0.747 0.023 0.487 1.635 0.782 
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Table 19: Standard error between replicates, where n=3. A * indicates only one replicate was 

analyzed, and therefore no standard deviation with which to calculate the standard 

error was available. N/A represents data that is unavailable due to loss of samples. 

 Day 0 Day 3 Day 6 Day 9 Day 12 Day 21 Day 36 Day 56 Day 91 

pH 3 RTUV 0.051 0.187 1.011 0.777 0.316 0.035 0.011 0.403 0.108 

pH 7 RTUV 0.730 0.624 0.008 0.175 0.579 0.543 * 1.414 0.064 

pH 11 RTUV 0.593 0.494 0.912 0.235 0.684 1.496 N/A * 0.309 

pH 3 RT 0.588 0.748 0.247 0.958 0.221 1.503 0.750 3.162 0.090 

pH 7 RT 1.157 0.844 0.426 1.088 0.602 1.192 0.123 1.228 0.344 

pH 11 RT 0.219 0.486 0.843 1.221 0.419 0.054 0.236 0.342 0.263 

 

Table 20: ANCOVA results for the concentration change of BPA stored in ultrapure water at 

room temperature in clear glass jars, at three pHs (3, 7, and 11) over a period of 91 

days. 

Source DF Seq SS Adj SS Adj MS F P 

UV pH 2 0.00137 0.01375 0.00687 0.51 0.603 

UV Day 1 0.74324 0.73970 0.73970 54.84 0.000 

UV pH*UV Day  2 0.01928 0.01928 0.00964 0.71 0.493 

Error 62 0.83631 0.83631 0.01349   

Total 67 1.60019     

Table 21: ANCOVA results for the concentration change of BPA stored in ultrapure water at 

room temperature in amber glass jars, at three pHs (3, 7, and 11) over a period of 91 

days. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Source DF Seq SS Adj SS Adj MS F P 

RT pH 2 0.05832 0.02036 0.01018 1.02 0.366 

RT Day 1 0.00239 0.00201 0.00201 0.20 0.655 

RT pH*RT Day 2 0.06110 0.06110 0.03055 3.06 0.053 

Error 74 0.73899 0.73899 0.00999   

Total 79 0.86080     
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Table 22: ANCOVA results for the concentration change of BPA stored in ultrapure water at 

room temperature in clear glass jars, at three pHs (3, 7, and 11) over a period of 36 

days. 

Source DF Seq SS Adj SS Adj MS F P 

RTUV pH 2 0.00718 0.04315 0.02158 1.28 0.288 

RTUV Day 1 0.28923 0.23523 0.23523 13.91 0.000 

UV pH*UV Day 2 0.06283 0.06283 0.03142 1.86 0.167 

Error 49 0.82883 0.82883 0.01691   

Total 54 1.188     

 

Table 23: ANCOVA results for the concentration change of BPA stored in ultrapure water at 

room temperature in amber glass jars, at three pHs (3, 7, and 11) over a period of 36 

days. 

Source DF Seq SS Adj SS Adj MS F P 

RT pH 2 0.007297 0.007805 0.003902 0.53 0.593 

RT Day 1 0.000762 0.000762 0.000762 0.10 0.749 

RT pH*RT Day 2 0.009898 0.009898 0.004949 0.67 0.516 

Error 56 0.413666 0.413666 0.007387   

Total 61 0.431623     

Table 24: ANCOVA results for the concentration change of NP stored in ultrapure water in 

amber glass jars at room temperature and 4 ºC (“Storage” condition), at three pHs 

(3, 7, and 11) over a period of 48 days. 

Source DF Seq SS Adj SS Adj MS F P 

pH 2 0.00161 0.00026 0.00013 0.01 0.990 

Day 1 0.04670 0.04522 0.04522 3.48 0.064 

Storage 1 0.00065 0.00199 0.00199 0.15 0.696 

pH*Day 2 0.00394 0.00438 0.00219 0.17 0.845 

pH*Storage 2 0.00895 0.01080 0.00540 0.42 0.661 

Storage*Day 1 0.01065 0.01062 0.01062 0.82 0.368 

pH*Storage*Day 2 0.03759 0.03759 0.01879 1.44 0.239 

Error 165 2.14676 2.14676 0.01301   

Total 176 2.25688     
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Table 25: ANCOVA results for the concentration change of BPA stored in ultrapure water in 

amber glass jars at room temperature and 4 ºC (“Storage” condition), at three pHs 

(3, 7, and 11) over a period of 48 days. 

Source DF Seq SS Adj SS Adj MS F P 

Day 1 0.00030 0.00043 0.00043 0.68 0.412 

pH 2 0.00632 0.00128 0.00064 1.01 0.368 

Storage 1 0.00048 0.00200 0.00200 3.14 0.078 

pH*Storage 2 0.00203 0.00170 0.00085 1.33 0.267 

pH*Day 2 0.00160 0.00155 0.00078 1.21 0.300 

Storage*Day 1 0.0019 0.00196 0.00196 3.08 0.081 

pH*Storage*Day 2 0.00049 0.00049 0.00024 0.38 0.682 

Error 165 0.10517 0.10517 0.00064   

Total 176 0.11835     

Table 26: ANCOVA results for the concentration change of NP stored in ultrapure water in 

amber glass jars at room temperature at three pHs (3, 7, and 11) over a period of 32 

days. The experiment was repeated for a total of two experimental replicates 

(“Replicate” condition).  

Source DF Seq SS Adj SS Adj MS F P 

pH 2 0.02509 0.01221 0.00610 2.12 0.125 

Day 1 0.20840 0.21875 0.21875 75.82 0.000 

pH*Day 2 0.00108 0.00180 0.00090 0.31 0.732 

Replicate 1 0.56100 0.56100 0.56100 194.46 0.000 

Error 111 0.32023 0.32023 0.00288   

Total 117 1.11580     

Table 27: ANCOVA results for the concentration change of NP stored in ultrapure water in 

amber glass jars at room temperature at three pHs (3, 7, and 11) over a period of 

196 days. 

Source DF Seq SS Adj SS Adj MS F P 

1 - pH 2 0.021186 0.021866 0.010933 2.49 0.091 

1 - Day 1 0.000262 0.000144 0.000144 0.03 0.857 

1 - pH*1 - Day 2 0.001899 0.001899 0.000949 0.22 0.806 

Error 61 0.267369 0.267368 0.004383   

Total 66 0.290715     
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Table 28: ANCOVA results for the concentration change of BPA stored in ultrapure water in 

amber glass jars at room temperature at three pHs (3, 7, and 11) over a period of 32 

days. The experiment was repeated for a total of two experimental replicates 

(“Replicate” condition). 

Source DF Seq SS Adj SS Adj MS F P 

pH 2 0.038277 0.025504 0.012752 23.06 0.000 

Day 1 0.028286 0.032496 0.032496 58.77 0.000 

pH*Day 2 0.000256 0.000176 0.000088 0.16 0.853 

Replicate 1 0.187257 0.187257 0.187257 338.68 0.000 

Error 115 0.063583 0.063583 0.000553   

Total 121 0.317658     

Table 29: ANCOVA results for the concentration change of BPA stored in ultrapure water in 

amber glass jars at room temperature at three pHs (3, 7, and 11) over a period of 

196 days. 

Source DF Seq SS Adj SS Adj MS F P 

1 - pH 2 0.100705 0.065516 0.032758 64.64 0.000 

1 - Day 1 0.111392 0.111481 0.111481 219.98 0.000 

1 - pH*1 - Day 2 0.002436 0.002436 0.001218 2.40 0.099 

Error 63 0.031927 0.031927 0.000507   

Total 68 0.246460     

Table 30: ANCOVA results for the concentration change of NP stored in filtered wastewater, 

either sterilized or nonsterile (“Medium” condition) in amber glass jars at room 

temperature at three pHs (3, 7, and 11) over a period of 110 days.  

Source DF Seq SS Adj SS Adj MS F P 

Medium 1 4.35209 3.12250 3.12250 191.31 0.000 

Time 1 0.80356 0.80465 0.80465 49.30 0.000 

pH 2 0.04363 0.06210 0.03105 1.90 0.153 

Medium*pH 2 0.04082 0.03997 0.01999 1.22 0.297 

Medium*Time 1 0.00019 0.00016 0.00016 0.01 0.922 

pH*Time 2 0.12991 0.12991 0.06495 3.98 0.021 

pH*Medium*Time 2 0.38162 0.38162 0.19081 13.90 0.00 

Error 133 2.17079 2.17079 0.01632   

Total 142 7.54099     
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Table 31: ANCOVA results for the concentration change of NP stored in autoclaved (sterilized) 

filtered wastewater in amber glass jars at room temperature at three pHs over a 

period of 110 days.  

Source DF Seq SS Adj SS Adj MS F P 

AUTO - Time 1 35.745 35.627 35.627 293.63 0.000 

AUTO - pH 2 8.188 1.595 0.798 6.57 0.003 

AUTO - pH*AUTO - Time 2 47.690 47.690 23.845 196.53 0.000 

Error 65 7.886 7.886 0.121   

Total 70 99.509     

Table 32: ANCOVA results for the concentration change of NP stored in autoclaved (sterilized) 

filtered wastewater in amber glass jars at room temperature at three pHs over a 

period of 33 days. 

Source DF Seq SS Adj SS Adj MS F P 

AUTO - Time 1 0.01133 0.01123 0.01123 0.89 0.348 

AUTO - pH 2 0.01198 0.00053 0.00026 0.02 0.979 

AUTO - pH*AUTO - Time 2 0.01835 0.01835 0.00918 0.73 0.486 

Error 56 0.70284 0.70284 0.01255   

Total 61 0.74450     

Table 33: ANCOVA results for the concentration change of NP stored in nonsterilized filtered 

wastewater in amber glass jars at room temperature at three pHs over a period of 

110 days. 

Source DF Seq SS Adj SS Adj MS F P 

NAT - Time 1 35.985 35.916 35.916 383.53 0.000 

NAT - pH 2 9.919 2.107 1.053 11.25 0.000 

NAT - pH*NAT - Time 2 59.871 59.871 29.935 319.67 0.000 

Error 65 6.087 6.087 0.094   

Total 70 111.862     

Table 34: ANCOVA results for the concentration change of NP stored in nonsterilized filtered 

wastewater in amber glass jars at room temperature at three pHs over a period of 33 

days. 

Source DF Seq SS Adj SS Adj MS F P 

NAT 2 - Time 1 0.18217 0.18784 0.18784 20.06 0.000 

NAT 2 - pH 2 0.09662 0.08647 0.04323 4.62 0.014 

NAT - pH*NAT - Time 2 0.26840 0.26840 0.13420 14.33 0.000 

Error 56 0.52448 0.52448 0.00937   

Total 61 1.07166     
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Table 35: ANCOVA results for the concentration change of NPEO1 stored in filtered 

wastewater, either sterilized or nonsterile (“Medium” condition) in amber glass jars 

at room temperature at three pHs (3, 7, and 11) over a period of 110 days. 

Source DF Seq SS Adj SS Adj MS F P 

Medium 1 0.072 4.221 4.221 13.29 0.000 

Time 1 40.953 41.056 41.056 129.29 0.000 

pH 2 5.390 0.527 0.264 0.83 0.438 

Medium*Time 1 19.452 19.157 19.157 60.33 0.000 

Medium*pH 2 5.563 5.758 2.879 9.07 0.000 

pH*Time 2 24.456 24.456 12.228 38.51 0.000 

Error 133 42.234 42.234 0.318   

Total 142 138.121     

Table 36: ANCOVA results for the concentration change of BPA stored in filtered wastewater, 

either sterilized or nonsterile (“Medium” condition), in amber glass jars at room 

temperature at three pHs (3, 7, and 11) over a period of 110 days. 

Source DF Seq SS Adj SS Adj MS F P 

Medium 1 0.0072070 0.0084702 0.0084702 40.09 0.000 

Time 1 0.0214950 0.0215348 0.0215348 101.93 0.000 

pH 2 0.0084414 0.0013661 0.0006831 3.23 0.043 

Medium*Time 1 0.0013849 0.0013550 0.0013550 6.41 0.012 

Medium*pH 2 0.0003094 0.0003210 0.0001605 0.76 0.470 

pH*Time 2 0.0335719   0.0335719 0.0167860 79.45 0.000 

Error 133 0.0280985 0.0280985 0.0002113   

Total 142 0.1005082     

Table 37: ANCOVA results for the concentration change of BPA stored in nonsterilized filtered 

wastewater in amber glass jars at room temperature at three pHs over a period of 

110 days. 

Source DF Seq SS Adj SS Adj MS F P 

AUTO - Time (days) 1 14.3272 14.2703 14.2703 104.24 0.000 

AUTO - pH 2 4.2172 1.1523 0.5761 4.21 0.019 

AUTO - pH*AUTO - Time (days) 2 27.6842 27.6842 13.8421 101.11 0.000 

Error 65 8.8983 8.8983 0.1369   

Total 70 55.1269     
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Table 38: ANCOVA results for the concentration change of BPA stored in nonsterilized filtered 

wastewater in amber glass jars at room temperature at three pHs over a period of 33 

days. 

Source DF Seq SS Adj SS Adj MS F P 

AUTO - Time (days) 1 0.092833 0.093394 0.093394 85.41 0.000 

AUTO - pH 2 0.009530 0.001927 0.000964 0.88 0.420 

AUTO - pH*AUTO - Time (days) 2 0.005575 0.005575 0.002788 2.55 0.087 

Error 56 0.061233 0.061233 0.001093   

Total 61 0.169172     

Table 39: ANCOVA results for the concentration change of NP in two experimental replicates 

stored in wastewater, either sterilized or nonsterile (“Medium” condition), in amber 

glass jars at room temperature at three pHs (3, 7, and 11) over a period between 0 

and 33 days. 

 

 

 

 

 

 

 

 

Table 40: ANCOVA results for the concentration change of NP in two experimental replicates 

stored in autoclaved wastewater in amber glass jars at room temperature at three 

pHs (3, 7, and 11) over a period between 0 and 33 days. 

Source DF Seq SS Adj SS Adj MS F P 

AUTO - pH 2 1.2124 0.3083 0.1542 4.10 0.019 

AUTO - Time (day) 1 0.1243 0.6437 0.6437 17.12 0.000 

AUTO - pH*AUTO - Time (day) 2 0.1322 0.1530 0.0765 2.04 0.035 

AUTO - Replicate 1 15.4251 15.4251 15.4251 410.29 0.000 

Error 115 4.3235 4.3235 0.0376   

Total 121 21.2174     

 

 

Source DF Seq SS Adj SS Adj MS F P 

Medium 1 1.7714 1.1899 1.1899 23.47 0.000 

Time (days) 1 0.3238 1.0794 1.0794 21.29 0.000 

pH 2 2.3863 0.7489 0.3745 7.39 0.001 

Medium*Time (days) 1 0.0040 0.0069 0.0069 0.14 0.714 

Medium*pH 2 0.3807 0.3678 0.1839 3.63 0.028 

pH*Time (days) 2 0.2792 0.3030 0.1515 2.99 0.052 

Replicate 1 16.4449 16.4449 16.4449 324.37 0.000 

Error 234 11.8635 11.8635 0.0507   

Total 244 33.4539     
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Table 41: ANCOVA results for the concentration change of NP in experimental replicate 1 

stored in autoclaved wastewater in amber glass jars at room temperature at three 

pHs (3, 7, and 11) over a period between 0 and 33 days. 

Source DF Seq SS Adj SS Adj MS F P 

AUTO1 - pH 2 2.84081 1.02115 0.51058 25.03 0.000 

AUTO1 - Time (day) 1 0.86018 0.83141 0.83141 40..76 0.000 

AUTO1 - pH*AUTO1 - Time (day) 2 0.16501 0.16501 0.08250 4.04 0.023 

Error 55 1.12200 1.12200 0.02040   

Total 60 4.98800     

Table 42: ANCOVA results for the concentration change of NP in experimental replicate 2 

stored in autoclaved wastewater in amber glass jars at room temperature at three 

pHs (3, 7, and 11) over a period between 0 and 21 days. 

Source DF Seq SS Adj SS Adj MS F P 

AUTO2 - pH 2 0.87918 0.12019 0.06009 9.59 0.000 

AUTO2 - Time 1 0.04989 0.02912 0.02912 4.65 0.036 

AUTO2 - pH*AUTO2 - Time 2 0.27680 0.27680 0.13840 22.09 0.000 

Error 55 0.34467 0.00627    

Total 60 1.55054     

Table 43: ANCOVA results for the concentration change of NP in two experimental replicates 

stored in non-sterile wastewater in amber glass jars at room temperature at three 

pHs (3, 7, and 11) over a period between 0 and 33 days. 

Source DF Seq SS Adj SS Adj MS F P 

NAT Time (days) 1 0.19698 0.44216 0.44216 9.95 0.002 

NAT pH 2 1.56119 0.50612 0.25306 5.69 0.004 

NAT Replicate 1 3.27218 3.29969 3.29969 74.26 0.000 

NAT pH*NAT Time (days) 2 0.28025 0.28025 0.14012 3.15 0.046 

Error 116 5.15451 5.15451 0.04444   

Total 122 10.46510     

Table 44: ANCOVA results for the concentration change of NP in experimental replicate 1 

stored in non-sterile wastewater in amber glass jars at room temperature at three 

pHs (3, 7, and 11) over a period between 0 and 33 days. 

Source DF Seq SS Adj SS Adj MS F P 

NAT1 pH 2 2.50985 1.31461 0.65731 14.68 0.000 

NAT1 Time (days) 1 1.44812 1.47144 1.47144 32.86 0.000 

NAT1 pH*NAT1 Time (days) 2 0.17207 0.17207 0.08603 1.92 0.156 

Error 54 2.41794 2.41794 0.04478   

Total 59 6.54799     



 111 

Table 45: ANCOVA results for the concentration change of NP in experimental replicate 2 

stored in non-sterile wastewater in amber glass jars at room temperature at three 

pHs (3, 7, and 11) over a period between 0 and 21 days. 

 

Table 46: ANCOVA results for the concentration change of NPEO1 in two experimental 

replicates stored in wastewater, either sterilized or nonsterile (“Medium” condition), 

in amber glass jars at room temperature at three pHs (3, 7, and 11) over a period 

between 0 and 33 days. 

Source DF Seq SS Adj SS Adj MS F P 

Medium 1 2.0542 2.1204 2.1204 30.32 0.000 

Time (days) 1 7.5591 7.9147 7.9147 113.17 0.000 

pH 2 0.9633 1.9627 0.9814 14.03 0.000 

Replicate 1 14.1558 14.1162 14.1162 201.84 0.000 

Medium*Time (days) 1 0.2299 0.2320 0.2320 3.32 0.070 

Medium*pH 2 1.1128 1.0972 0.5486 7.84 0.001 

pH*Time (days) 2 1.3014 1.3014 0.6507 9.30 0.000 

Error 235 16.4354 16.4354 0.0699   

Total 245 43.8119     

Table 47: ANCOVA results for the concentration change of NPEO1 in two experimental 

replicates stored in autoclaved wastewater in amber glass jars at room temperature 

at three pHs (3, 7, and 11) over a period between 0 and 33 days. 

Source DF Seq SS Adj SS Adj MS F P 

Auto Time (days) 1 2.6071 2.8175 2.8175 48.41 0.000 

Auto pH 2 1.2512 0.7816 0.3908 6.72 0.002 

Auto Rep 1 15.8514 15.8425 15.8425 272.22 0.000 

Auto pH*Auto Time (days) 2 0.0133 0.0133 0.0067 0.11 0.892 

Error 116 6.7509 6.7509 0.0582   

Total 122 26.4739     

 

 

 

Source DF Seq SS Adj SS Adj MS F P 

NAT2 - pH 2 0.08438 0.00020 0.00010 0.02 0.983 

NAT2 - Time 1 0.36017 0.36017 0.36017 63.49 0.000 

NAT2 - pH*NAT2 - Time 2 0.09578 0.09578 0.04789 8.44 0.001 

Error 57 0.32333 0.32333 0.00567   

Total 62 0.86366     
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Table 48: ANCOVA results for the concentration change of NPEO1 in experimental replicate 1 

stored in autoclaved wastewater in amber glass jars at room temperature at three 

pHs (3, 7, and 11) over a period between 0 and 33 days. 

Source DF Seq SS Adj SS Adj MS F P 

AUTO1 - Time (days) 1 3.6935 3.6054 3.6054 96.05 0.000 

AUTO1 - pH 2 1.6627 1.1878 0.5939 15.82 0.000 

AUTO1 - pH*AUTO1 - Time (days) 2 0.1815 0.1815 0.0907 2.42 0.099 

Error 55 2.0644 2.0644 0.0375   

Total 60 7.6021     

Table 49: ANCOVA results for the concentration change of NPEO1 in experimental replicate 2 

stored in autoclaved wastewater in amber glass jars at room temperature at three 

pHs (3, 7, and 11) over a period between 0 and 21 days. 

Source DF Seq SS Adj SS Adj MS F P 

AUTO2 - pH 2 1.35100 0.58394 0.29197 10.71 0.000 

AUTO2 - Time 1 0.22668 0.22953 0.22953 8.42 0.005 

AUTO2 - pH*AUTO2 - Time 2 0.11309 0.11309 0.05654 2.07 0.135 

Error 56 1.52657 1.52657 0.02726   

Total 61 3.21734     

Table 50: ANCOVA results for the concentration change of NPEO1 in two experimental 

replicates stored in autoclaved wastewater in amber glass jars at room temperature 

at three pHs (3, 7, and 11) over a period between 0 and 33 days. 

Source DF Seq SS Adj SS Adj MS F P 

Nat Time (days) 1 5.1710 5.3430 5.3430 121.79 0.000 

Nat pH 2 0.8856 1.5300 0.7650 17.44 0.000 

Nat Rep. 1 1.7677 1.8299 1.8299 41.71 0.000 

Nat pH*Nat Time (days) 2 2.3708 2.3708 1.1854 27.02 0.000 

Error 116 5.0889 5.0889 0.0439   

Total 122 15.2839     

Table 51: ANCOVA results for the concentration change of NPEO1 in experimental replicate 1 

stored in non-sterile wastewater in amber glass jars at room temperature at three 

pHs (3, 7, and 11) over a period between 0 and 33 days. 

Source DF Seq SS Adj SS Adj MS F P 

Nat1 Time (days) 1 4.7764 4.8109 4.8109 117.49 0.000 

Nat1 pH 2 0.4760 0.6018 0.3009 7.35 0.002 

Nat1 pH*Nat1 Time (days) 2 0.2290 0.2290 0.1145 2.80 0.070 

Error 54 2.2112 2.2112 0.0409   

Total 59 7.6926     
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Table 52: ANCOVA results for the concentration change of NPEO1 in experimental replicate 2 

stored in autoclaved wastewater in amber glass jars at room temperature at three 

pHs (3, 7, and 11) over a period between 0 and 21 days. 

Source DF Seq SS Adj SS Adj MS F P 

NAT2 - pH 2 0.47178 1.12627 0.56314 27.87 0.000 

NAT2 - Time 1 1.15135 1.15135 1.15135 56.98 0.000 

NAT2 - pH*NAT2 - Time 2 3.14530 3.14530 1.57265 77.83 0.000 

Error 57 1.15170 1.15170 0.02021   

Total 62 5.92012     

 

Table 53: ANCOVA results for the concentration change of BPA stored in wastewater, either 

sterilized or nonsterile (“Medium” condition), in amber glass jars at room 

temperature at three pHs (3, 7, and 11) over a period between 0 and 21 days. 

Source DF Seq SS Adj SS Adj MS F P 

Medium 1 0.387613 0.188747 0.188747 429.60 0.000 

Time (days) 1 0.100481 0.100381 0.100381 228.47 0.000 

pH 2 0.002316 0.001886 0.000943 2.15 0.122 

Medium*Time (days) 1 0.003878 0.003858 0.003858 8.78 0.004 

Medium*pH 2 0.000442 0.000417 0.000209 0.47 0.623 

pH*Time (days) 2 0.001999 0.001999 0.001000 2.28 0.107 

Error 114 0.050086 0.050086 0.000439   

Total 123 0.546816     

Table 54: ANCOVA results for the concentration change of BPA in autoclaved wastewater in 

amber glass jars at room temperature at three pHs (3, 7, and 11) over a period 

between 0 and 21 days. 

Source DF Seq SS Adj SS Adj MS F P 

Auto - Time (days) 1 0.0331133 0.0319048 0.0319048 69.02 0.000 

Auto - pH 2 0.0015858 0.0006741 0.0003371 0.73 0.487 

Auto - pH*Auto - Time (days) 2 0.0004312 0.0004312 0.0002156 0.47 0.630 

Error 55 0.0254237 0.0254237 0.0004622   

Total 60 0.0605540     
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Table 55: ANCOVA results for the concentration change of BPA stored in non-sterile 

wastewater in amber glass jars at room temperature at three pHs (3, 7, and 11) over 

a period between 0 and 21 days. 

Source DF Seq SS Adj SS Adj MS F P 

Nat Time (days) 1 0.078995 0.078995 0.078995 105.12 0.000 

Nat pH 2 0.002829 0.001815 0.000908 1.21 0.306 

Nat pH*Nat Time (days) 2 0.002163 0.002163 0.001081 1.44 0.246 

Error 57 0.042833 0.042833 0.000751   

Total 62 0.126820     
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