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Figure 4.1: Experimental designs for dispersion and sorption studies 
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Figure 4.2: Experimental design for the NOM fractionation study 

 

 

4.1.2.1 The Determination of the Point of Zero Charge for TiO2 NPs 

The suspension of TiO2 NPs at 4.0 g/L was prepared in 0.01 M NaNO3 solution as 

a background electrolyte.  The suspension was purged with argon gas with constant 

stirring to drive out all the carbon dioxide (CO2) gas.  This was performed for about 45 to 

50 minutes.  The pH was then lowered using 0.1M HCl. Then the suspension was titrated 

with 0.1 M NaOH solution at 0.01 mL aliquot. Subsequent addition of further aliquots 

was continued after the electrode stability reading was 0.5 mV/minute.  This procedure 

was repeated and the second run was carried out much more slowly by reducing the 

electrode stability reading to less 0.1 mV/minute before each subsequent aliquot was 

added.  
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4.1.2.2 Experimental Method for Particle Stability 

4.1.2.2.1 The Sonicated TiO2 Nanoparticles 

The stock suspension of TiO2 NPs at 100 mg/L in 0.01M solution of sodium 

nitrate (NaNO3) was prepared and sonicated for 60 minutes using the Branson® 5510 

sonication bath.  These metal oxides NPs suspensions were then stored at room 

temperature of 69-73 
o
F (20.55 – 22.77

0
C) under quiescent conditions in the dark.. Prior 

to preparation of the test suspensions, the stock suspension was sonicated using the 

Branson® 5510 sonication bath for 10 minutes to homogenize the suspension and as well 

as to break any aggregates that may have formed.  The test suspensions were prepared by 

pipetting appropriate volumes of the stock suspension of TiO2 NPs and 50 mg C/L NOM 

stock solution into 400 mL beakers and then diluting to 100 mL with each buffer to give 

the following concentrations:  5 mg/L particle loading at 0.5, 2.5 and 5.0 mg C/L NOM . 

The following buffers in 0.01M NaNO3 solution were used: 0.1M acetate, pH 4.50; 0.1M 

PIPES, pH 6.50; Tris–base, pH 8.50.  For each pH (buffer solution) there was a control 

suspension that contained everything that each test suspensions contained except NOM. 

The purpose of the control suspensions was to check the influence of buffer solutions on 

particle dispersion or aggregation.  Once prepared, the test suspensions were kept under 

quiescent conditions in the dark.  The samples for the DLS and zeta potential 

measurements were taken every 24 h for 5 days (for 24, 48, 72, 96 and 120 h post 

preparation). 
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4.1.2.2.2 The Nonsonicated TiO2 Nanoparticles 

The test suspensions were made by weighing 0.5 mg of TiO2 NPs using a microbalance, 

the METLER TOLEDO, Xs 205 dual range 81/220 g that can weigh masses down to 0.01 

mg.  The weighed TiO2 NPs were each introduced into 20 mL of 0.01M NaNO3 solution 

in a 400 mL beaker. Each resulting suspension was allowed to stand for 24 h at room 

temperature of 69-73 
o
F (20.55 – 22.77

0
C) under quiescent conditions in the dark.  Then 

to each suspension was added an appropriate volume of 50 mg C/L NOM stock solution 

and then diluted to 100 mL with appropriate buffer solution to give the following:   5 

mg/L particle loading at 0.5, 2.5 and 5.0 mg C/L NOM . The following buffers in 0.01M 

NaNO3 solution were used:  0.1M acetate, pH 4.50; 0.1M PIPES, pH 6.50; Tris–base, pH 

8.50.  For each pH (buffer solution) there was a control suspension that contained 

everything that each test suspensions contained except NOM.  The purpose of the control 

suspensions was to check the influence of buffer solutions on particle dispersion or 

aggregation.  Once prepared, the test suspensions were kept at room temperature of 69-73 

o
F (20.55 – 22.77

0
C) under quiescent conditions in the dark.  The samples for the DLS 

and zeta potential measurements were taken every 24 h for 5 days (for 24, 48, 72, 96 and 

120 h post preparation). 
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4.1.2.3 Experimental Method for NOM Sorption to TiO2 NPs 

This study was carried out at a constant room temperature of 24 ±1
o
C (75.7 

o
F) in 

batch reactors. The study examined NOM sorption to TiO2 NPs at 3 pH values of 4.50, 

6.50 and 8.50 and at a constant ionic strength of 0.01M of NaNO3 solution.  A series of 7 

sets of TiO2 NPs of about 0.03 g each were weighed and each introduced into 20 mL of 

0.01M NaNO3 solution in a 400 mL beaker for each pH studied.  Then each suspension 

was sonicated for 30 minutes and kept under quiescent conditions for overnight.  Then 

appropriate volumes of NOM stock solution of 50 mg C/L (NOM dissolved in 0.01M 

NaNO3) were pipetted and introduced into the suspensions and diluted to 100 mL using 

0.01M NaNO3 solution to yield a range of concentrations from about 2 mg C/L (5 mg/L 

NOM) to 32 mg C/L (80 mg/L NOM) see table C.1 in the appendices.  The pH of interest 

was achieved by additions of appropriate volumes of HCl or NaOH (< 100µL) with 

stirring with a magnetic bar. During addition of HCL or NaOH care was taken to avoid 

inclusion of CO2 by covering the beakers with parafilm.  Once the desired pH was 

achieved and remained constant for over 24 h, the contents of each beaker was 

transferred into the 150 mL amber colored bottles and sealed with Teflon lined caps and 

were ready for tumbling.  

For the determination of initial concentration of dissolved NOM in mg C/L, a 

parallel 7 sets of solutions were carefully prepared by pipetting appropriate volumes of 

NOM stock solution of 50 mg C/L dissolved in 0.01M NaNO3 into 400 mL beakers and 

diluting to 100 mL to yield a range of concentrations from about 2 mg C/L (5 mg/L 

NOM) to 32 mg C/L (80 mg/L NOM) (same concentrations as the ones with NPs) see 
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table C.1 in the appendices.  The pH of interest was achieved by additions of appropriate 

volumes of HCL or NaOH solutions.  Once the desired pH was achieved and was 

constant for over 24 h, a sample of 12 mL for each solution was taken for the 

measurement of total organic carbon. Then, the contents of each beaker were transferred 

into the 150 mL amber colored bottles and sealed with Teflon lined caps and were ready 

for tumbling.  A blank solution for each pH was included which contained only 0.01M 

NaNO3 solution. Then both the bottles containing suspensions and the solutions were 

tumbled for 120 h (preliminary tests indicated that equilibrium is reached after 72 h).  

After tumbling, the pH of both the suspensions and the solutions were measured.  Then 

the suspensions of each sample (bottle) were divided into two portions, one portion was 

filtered through a 50 nm polycarbonate membrane filter and the other was centrifuged 

using Ultra centrifuge SORVALL EVOLUTION RC S/N 10300582 at 20500 rpm for 2 h 

and then both portions were analyzed for the total organic carbon and the results were 

compared for agreement.  Prior to the filtration of the samples, the 50 nm pore size 

polycarbonate filter membrane was thoroughly washed with Milli-Q water and then about 

3 mL of the suspension was passed through the membrane to ensure that any possible 

sorbing surfaces were saturated.  Once this was done, a well washed and dried vacuum 

flask was used for the filtration and collection of the filtrate.  

The solution of each sample (samples without particles) was divided into 3 

portions. The first portion was filtered just as described for the suspension. The second 

portion was centrifuged just as described above, while the third portion was used directly 
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and all these portions were analyzed for total organic carbon and the results were 

compared for agreement.  

 

 

4.1.2.4 Experimental Method for NOM fraction and Molecular Weight 

Determination 

 

This study was carried out at constant room temperature of 24 ±1
o
C (75.7 

o
F) in 

batch reactors in the dark.  The study examined the effects of pH, ionic strength and 

NOM concentration on the fractionation of NOM upon sorption to TiO2 NPs.  As shown 

in figure 4.2, three levels of each factor were examined.  For each pH (4.50, 6.50, and 

8.50) approximately 0.04g of TiO2 NPs were weighed for each ionic strength (0.01, 01 

and 0.5 M) and at each NOM concentration (7.5, 10 and 15 mg C/L NOM) as shown in 

tables C.5 to C.7 in the appendices. Then each weight weighed out was introduced into 

20 mL NaNO3 of appropriate ionic strength in 400 mL beakers and were sonicated for 30 

minutes and then were kept under quiescent conditions for 24 h. Then appropriate 

volumes of 50 mg C/L NOM stock solutions dissolved in an appropriate ionic strength 

(0.01, 0.1 and 0.5 M NaNO3) were pipetted into the 400 mL beakers containing weighed 

TiO2 NPs and were diluted to 100 mL to yield nominal concentrations of 7.5, 10 and 15 

mg C/L NOM for each ionic strength (for sample details see tables C.5 to C.7 in the 

appendices).  The desired pH was achieved by additions of appropriate volumes of HCl 

or NaOH (< 100µL) with stirring with a magnetic bar.  During the addition of HCL or 

NaOH, care was taken to avoid inclusion of CO2 by covering the beakers with parafilm.  
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Once the desired pH was achieved and remained constant for over 24 h, the contents of 

each beaker were transferred into the 150 mL amber colored bottles and sealed with 

Teflon lined caps ready for tumbling. For the determination of initial molecular weights 

of dissolved NOM before sorption, parallel and carefully prepared sets of solutions with 

appropriate ionic strength and NOM concentrations were made by pipetting the 

appropriate volumes of NOM stock solutions of 50 mg C/L NOM dissolved in 

appropriate ionic strength (0.01, 0.1 and 0.5 M NaNO3) and introduced into 400 mL 

beakers without NPs and diluted to volume to yield the nominal concentrations of 7.5, 10 

and 15 mg C/L for each ionic strength (for sample details see tables C.5 to C.7 in the 

appendices).   The desired pH (4.50, 6.50 and 8.50) was achieved by additions of the 

appropriate volumes of HCl or NaOH (< 100µL) with stirring with a magnetic bar.  

During the addition of HCL or NaOH, care was taken to avoid inclusion of CO2 by 

covering the beakers with parafilm.  Once the desired pH was achieved and remained 

constant for over 24 h, 25 mL sample for each solution was taken for molecular weight 

(using HPSEC), TOC (using Total Organic Analyzer- Shimadzu), optical (Shimadzu UV-

Vis spectrophotometer) and fluorescence measurements ( using Photon Technology 

International Fluorometer).  Then the remaining solution of each beaker was transferred 

into the 150 mL amber colored bottles and sealed with Teflon lined caps ready for 

tumbling.  Then both suspensions and solutions in bottles were tumbled for 120 h.  At the 

end of the tumbling period, the pH was measured again. 

The solution of each sample was split into two.  One portion was filtered using the 

50 nm pore size polycarbonate membrane and the other portion was taken for 
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measurements directly without filtration. For the suspensions, each sample was filtered 

using the 50 nm pore size polycarbonate membrane.  Prior to the filtration of the samples, 

the polycarbonate filter membrane was thoroughly washed with milli-Q water and then 

about 3 mL of the sample to be filtered was passed through the membrane to ensure that 

any possible sorbing surfaces were saturated. Once this was done, a well washed and 

dried vacuum flask was used for the collection of the filtrate. The results of the TOC 

measurements were used to work out the right dilution for each sample for the 

fluorescence measurements so that all the samples had the same concentrations of organic 

(mg C/L) to reduce the inner filter effects (see details later under discussion for 

fluorescence section).  For pH 8.50, the filtration procedure of the samples for HPSEC 

was followed by pH adjustment to below pH 8.0 in order to avoid the degradation of the 

silica column.  

 

 

4.1.2.5 Statistics 

The one way ANOVA with Tukey’s pair wise comparisons of means from Origin Pro 8.6 

software was used to identify the significant differences between means. The means 

(each calculated from three replicates) at each pH for three levels of NOM and the means 

(each calculated from three replicates) at each NOM at three levels of pH were examined 

for significant difference using this software both stability study. The one way ANOVA 

was used for both the stability and the fractionation studies. For the absorbance 

measurements, the sample paired t-tests for the means from Origin pro8.6 software was 
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used to identify whether the SUVA280 means (each calculated from three replicates) 

before and after sorption were really different at 95 % confidence level.  

 

 

4.2 Results and discussion 

4.2.1 Point of zero charge (PCZ) for TiO2 NPs 

The results for the point of zero charge for the TiO2 NPs are shown in figure 4.3.  

The PCZ for the TiO2 NPs in this study was found as 6.50.  In literature the values for 

PCZ for TiO2 NPs range from 4.20 to 7.5 (Fernandez-Nieves et al., 1998; Kosmulsiki, 

2009).  However, the PCZ for the metal oxide NPs can vary based on several factors such 

as chemical modification, surface modification, particle size and particle transformation 

(Hotze et al., 2010, Lin et al., 2010). In this study we needed a very specific value for our 

NPs as this was needed as an input in the next part of our study. The analysis was carried 

out using two runs. The first run was quick and was meant to be a guide for the second 

run whose value was used for the next part of our study.  
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Figure 4.3. The pH of point of zero charge for TiO2 nanoparticles 

 

 

4.2.1 NOM Stability of both sonicated and non-sonicated TiO2 NPs at  

different pH values 

Based on the PCZ for TiO2 NPs which was found as 6.50, we examined the 

ability of dissolved NOM to disperse TiO2 NPs at three different pH values of 4.50, 6.50 

and 8.50 and at three levels of NOM (0.5, 2.5 and 5.0 mg C/L) for both sonicated and 

non-sonicated NPs.   The results of this study were shown in figures 4.4 to 4.7 for 

sonicated and non-sonicated TiO2 NPs. These results indicated that NOM indeed caused 

the stability of NPs as evidenced by the differences in the average aggregate sizes 

between the controls and those with NOM.  For the controls, the average aggregate sizes 

were too large and outside the measuring range (2 nm to 3000 nm).  The data indicated 

that there were NOM concentration based differences in the average aggregate sizes.  For 

example, for the sonicated TiO2 NPs (figures 4.4 and 4.6) at 0.5 mg C/L NOM, the 

average aggregate sizes were significantly larger than the average aggregate sizes at 2.5 
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mg C/L and 5.0 mg C/L NOM for all the three pH values.  However, the differences in 

the average aggregate sizes at 2.5 mg C/L and 5.0 mg C/L NOM for all the pH values 

(except for pH 6.5 at 120 h at both 2.5 and 5.0 mg C/L NOM where the differences were 

significant) were not significantly different (p-value > 0.05). These results seem to 

suggest that there is a maximum NOM concentration above which there could be no 

differences in the TiO2 NPs dispersion.  Furthermore, at the NOM concentration of 2.5 

mg C/L and 5.0 mg C/L, the data suggest that there is pH dependence in the stability of 

the TiO2 NPs, although the differences were not statistically significant at P = 0.05.  For 

the non-sonicated TiO2 NPs, the results revealed an interesting trend.  For example, at 0.5 

mg C/L NOM the average aggregate sizes (for non-sonicated) were too large and outside 

the measuring range (2 nm to 300 nm).  At the NOM concentrations of 2.5 mg C/L and 

5.0 mg C/L, a similar trend as the one observed for the sonicated TiO2 NPs was observed 

where the average aggregate sizes (figures 4.5 and 4.7) were not statistically different (p 

value >0.05), albeit with much larger average aggregate sizes than those for the sonicated 

NPs. These results suggest that the NOM stability of the non-sonicated TiO2 NPs is quite 

mild. The values of the zeta potential for both the sonicated and the non-sonicated TiO2 

NPs were observed to be getting more negative with increases in NOM and pH, though as 

expected there was more variability in the zeta potential of the non-sonicated NPs.  The 

surface charge of the controls was also getting more negative as the pH increased.  

However, it was particularly interesting to observe that pH dependent surface charge had 

small effect on suspension stability (based on the surface charge of controls), whereas pH 

dependent NOM surface charge had large effect on suspension stability.  The increase in 
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stability could be attributed to NOM sorption to NPs and the higher the NOM 

concentration the greater the sorption and hence the increased stability either by steric 

repulsion or electrostatic repulsion depending on the pH of the suspensions.  The highest 

increase in stability at pH8.50 (trend wise) at any NOM concentration could be attributed 

to the electrostatic repulsion of highly ionized NOM adsorbed on the NPs (Yang et al., 

2009). The next higher stability was observed at pH 4.50 (trend wise), where the NOM 

molecules were not fully ionized compared to that at pH 8.50.  The interactions between 

NOM molecules at the pH 4.50 were expected to be predominantly hydrophobic and 

therefore the stabilization could be attributed to steric hindrance (Illes and Tombacz, 

2006). The least stability was observed at pH 6.50 (the PZC). This was expected since the 

lowest stability of particles was always around the PCZ (Stumm and Morgan, 1981; Illes 

and Tombacz, 2006). The higher variability in the zeta potential of the non-sonicated NPs 

could be attributed to the greater heterogeneity (non-uniformity) in surface site energies 

(Amal et al., 1990).  This study appeared to suggest that when NPs are aggregated whilst 

in powdered form, breaking them apart required much more energy than could possibly 

be supplied by NOM. As mentioned earlier, the controls were used to show that the 

dispersion of NPs observed was due to NOM and that there was no significant 

contribution from the buffer solutions.  The fact that results indicated massive 

aggregation in the suspensions with buffer solutions without NOM and their average 

aggregate sizes and size distribution were outside the measurable range showed that the 

buffer solutions had no influence on the observed dispersion of TiO2 NPs in this study. 
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Figure 4.4.  Effect of pH at constant NOM on particle dispersion (a) and 

the corresponding zeta potential (b) for sonicated TiO2 NPs. The error bars 

indicate the standard deviation of the three replicates 
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Figure 4.5. Effect of pH and NOM on particle dispersion (a) and the 

corresponding zeta potential (b) for non sonicated TiO2 NPs. The error 

bars indicate the standard deviation of the three replicates 

 

 



144 

 

300

450

600

750

900

2424 120120

 0.5 mg C/L

 2.5 mg C/L

 5.0 mg/C /L

A
ve

ra
ge

 p
ar

tic
le

 s
iz

e 
(n

m
)

Time (h)

24 120

pH 4.5
pH6.5

pH8.5

 
 

(a) 

 

-40

-32

-24

-16

-8

Z
e
ta

 p
o
te

n
tia

l (
m

V
)

NOM Concentration (mg C/L)

 24 h

 48 h

 72 h

 96 h 

 120 h

0.5 2.5 5.0 0.5 2.5 5.0 0.5 2.5 5.0

pH4.5

pH6.5
pH8.5

 
 

(b) 

 

Figure 4.6. Effect of NOM at constant pH on particle dispersion (a) for 

sonicated TiO2 NPs (b) and corresponding zeta potential.  The error bars 

indicate the standard deviation of the three replicates 
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Figure 4.7. Effect of NOM at constant pH on particle dispersion (a) for 

non sonicated TiO2 NPs (b) and corresponding zeta potential. The error 

bars indicate the standard deviation of the three replicates 
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4.2.2 Sorption of TiO2 NPs to NOM at different pH values 

The stability study indicated that NOM promotes NPs stabilization and this study 

also suggests that NOM stabilization of NPs is influenced by the pH of the suspension. 

We therefore designed a study that would explain this stability in terms of sorption.  We 

carried out the sorption study at the three different pH values (same as considered in the 

dispersion study).  Our hypothesis was that NOM would sorb to particles more at lower 

pH than at higher pH values. The study was carried out as described in the method 

section. 

The results of the TOC measurements between the filtered and centrifuged 

suspensions agreed with in a precision of about 2%. This means that either filtration or 

centrifugation can be used individually for this study.  The TOC results for the solution of 

the filtered, centrifuged and the directly measured indicated an agreement within 4% 

precision. With the agreements of the filtration and centrifugation results to within less 

than 5% precision, the results were used without any corrections. 

The results of this study was consistent with our hypothesis and demonstrated that 

the highest amount of NOM was sorbed to TiO2 NPs at pH 4.50, followed by sorption at 

pH 6.50 and the least sorbed was at pH 8.50 (figure 4.8).  The sorption of the largest 

amount NOM at low pH could be attributed to the fact that the NOM molecules at low 

pH were less ionized and the interaction was predominantly hydrophobic with increased 

van der Waals forces of attraction (O’Melia, 1990).  This meant that once some NOM 

molecules were sorbed further molecules could still be sorbed due to attractive van 

derWaals forces.  At higher pH, the NOM molecules were highly ionized and after initial 
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sorption of NOM to NPs, less sorption could further take place due to electrostatic 

repulsion and hence the observed low sorption at pH 8.50. At the intermediate pH 6.50, 

NOM molecules were not completely ionized. There could still be some hydrophobic 

influences and hence the observed relatively high sorbed NOM compared to pH 8.50.  

We further examined the relationship between the surface charge and the amount 

of the NOM sorbed at the three pH values considered in this study.  As expected the 

results indicated that the surface charge (zeta potential) was more negative at pH 8.50 and 

corresponded to the least amount of NOM sorbed (figure 4.9).  The surface charge at pH 

4.50 was the least negative and corresponded to the highest amount of NOM that was 

sorbed.  Therefore the stability of NPs was due to NOM sorption and when taken 

together, the stability and the sorption results suggest that stabilization of the TiO2 NPs 

suspension is more effective with NOM electrostatic repulsion than with the NOM steric 

hindrance.  

We then fitted the sorption data to the nonlinear Langmuir model.  The model 

described the experimental data at all pH values fairly well as shown in figure 4.10. 

However, the fundamentals or the basic concepts of the Langmuir could not be said to 

have been met at all the three pH values.  However, it could probably be argued that the 

basic concepts of the Langmuir adsorption isotherm were fulfilled (fixed adsorption sites, 

equal surface energies and no interaction between sorbed molecules) at pH 8.50 where 

the sorption was predominantly electrostatic. But at pH 4.50 and pH 6.50 the Langmuir 

adsorption isotherm was probably not met as the interaction could have involved 

hydrophobic moieties of NOM through van der Waals attraction.  The model was also 
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used to estimate the values of the total amount of sorbate that could be sorbed at 

equilibrium (Qmax) and the Langmuir constants (KL) for each pH studied.  At pH 4.50, the 

Qmax and the KL were found as 14.8 mg NPOC/g TiO2 and 0.36 respectively. While at pH 

6.50, the Qmax and the KL were found to be 10.4 mg NPOC/g TiO2 and 0.22 respectively, 

and at pH 8.50, the Qmax and the KL were found as 2.4 mg NPOC/g TiO2 and 0.15 

respectively. These values were consistent with the observed experimental results which 

showed higher sorption for lower pH and lower sorption for higher pH.   
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Figure 4.8. Sorption of NOM to TiO2 nanoparticles at different pH values 
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Figure 4.9. Relationship of zeta potential and adsorbed amount of NOM at 

given pH 
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Figure 4.10. Fit of sorption experimental data to non linear Langmuir 

adsorption isotherm  
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4.2.3 NOM fraction and molecular weight determination 

The interaction of NPs with NOM leads to a number of events both to NPs and to 

NOM.  For NPs, this interaction could produce enhanced aggregation or dispersion as 

was demonstrated in the dispersion study. For NOM, this interaction could cause 

separation of different fractions within the bulk NOM.  In this study we examined the 

separation of different fractions (preferential sorption) of NOM to TiO2 NPs as 

influenced by pH, ionic strength and NOM concentration. The study was carried out as 

described in the method section of this chapter.  The one way ANOVA with Tukey’s pair 

wise comparisons of means (each calculated from three replicates) from origin Pro 8.6 

software was used as described in the method section under statistics.  The HPSEC is an 

entropically controlled separation technique that separate molecules based on relative size 

or more specifically on hydrodynamic volume (Barth et al. 1994). When the sample is 

introduced into the column, the larger molecules will elute faster (earlier) than the smaller 

ones. As shown in figure 4.13 for illustrative purposes, the elution of NOM shifted 

toward longer times after sorption, an indication that larger molecules were being 

preferentially removed by adsorbing onto the TiO2 NPs (for more spectra see figure C.1 

in the appendices) . The shift towards longer times corresponded to the reduction in the 

weight - average molecular weight (MWw) of NOM.  The data in figure 4.11 showed the 

overall NOM molecular weight fractionation before and after sorption.  The error bars 

were made from standard errors. The data in this figure indicated that the weight –

averaged molecular weight before (MWi) sorption did not vary with pH, ionic strength or 

NOM concentration as demonstrated by the one way ANOVA using Tukey’s pair wise 
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comparisons of means.  However, after sorption, the data indicated that there was 

reduction in the weight average molecular weight.  The letters indicating similarity or 

differences in figure 4.11 were shown only for the fractional reduction of MWw. of NOM 

(calculated as [MWi-MWf]/MWi).  The data suggest that the largest reduction (as 

indicated by the fractional reduction) is with pH, followed by ionic strength (IS) and then 

by NOM concentration.  However, statistical tests (Tukey’s pair wise comparisons of 

means) showed that the fractional reduction in MWw. for factors that had the largest 

change (pH 4.50, pH 6.50, IS = 0.1, IS = 0.5, [NOM] =10 and [NOM] = 15) were not 

statistically different.  In order to identify the factor that had the largest influence in the 

fractional reduction (variation) of MWw. of NOM, the data was rearranged and fractional 

decrease in MWw. was plotted against pH and was separated according to NOM 

concentrations at different ionic strength as shown in figure 4.12.  The data showed a 

clear distinction that the variation of MWw. was largest at pH 4.5, followed by pH 6.5 and 

the lowest was at pH 8.50.  At all the NOM concentrations (7.5, 10, 15 mg C/L) the 

variation at 0.01 M and 0.1M ionic strengths were statistically different at pH 4.50 and 

pH 6.50. For the ionic strengths of 0.1 M and 0.5 M, the variations of MWw. at all the pH 

(4.50, 6.50 and 8.50) were not statistically different. At higher NOM concentrations (10 

and 15 mg C/L) the differences in the variations of MWw. between 0.01 M and higher 

ionic strengths (0.1 and 0.5 M) were quite significant across all pH values.  

These data indicated that the largest variation of MWw. of NOM occurred at pH 

4.5, followed by pH 6.5 and then pH 8.5.  These results were consistent with our findings 

with the sorption experiments described earlier in this chapter.  The data also showed that 
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higher ionic strength (0.1 M and 0.5 M) was equally more effective in promoting 

fractionation than lower ionic strength (0.01M).  The data suggest that there is an 

optimum NOM concentration (10 mg C/L in this study) at which fractionation is 

expected to be optimum.  The observations of these results could be explained as follows: 

The largest fractionation (fractional decrease in MWw.) at low pH could be attributed to 

the fact that a low pH (4.50), the TiO2 NPs are positively charged (Yang et al., 2009; 

Mudunkotuwa and Grassian, 2010) and the NOM molecules are less ionized and 

therefore adsorption was mainly through lateral hydrophobic interaction with minimum 

contribution from electrostatic interaction and therefore further NOM molecules could 

adhere to each other by the same hydrophobic interaction (Amal et al., 1991). At the pH 

6.50, more NOM molecules were getting ionized and so the contribution from 

electrostatic interaction (repulsion) was increasing and hence the reduced amount of 

NOM sorbed (and hence reduced fractionation).   However, at the pH 8.50, the adsorption 

of the NOM on other NOM molecules could be restricted by the electrostatic repulsion as 

a result of increased ionization of the NOM molecules (Hudson et al., 2007).  The 

increase in sorption and fractionation at higher ionic strength could be due to charge 

screening a process that probably rendered the NOM molecules to be more hydrophobic 

and thereby increasing their lateral hydrophobic interaction and adsorption affinity 

(O’Melia, 1990; Chen et al., 2003).  This study has demonstrated that NOM does undergo 

fractionation upon sorption to NPs and consistent with sorption data, this study further 

indicated that the fractionation was higher at lower pH (4.50) than at higher pH (8.50).  

 



153 

 

 
 

Figure 4.11. Bar graph for NOM molecular weight fractionation before and after 

sorption: MWi is weight-average molecular weight before sorption; MWf is the weight-

average molecular weight after sorption, Fraction reduction is the fractional reduction in 

weight-average molecular weight following sorption. The error bars are standard errors of 

the means. 
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Figure 4.12. Fractional decrease in MWw of NOM as a function of pH 

arranged according same NOM concentration with different ionic 

strengths.  The error bars indicate the standard deviation of three 

replicates.  
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Figure 4.13. Absorption signal shifts towards smaller fractions of NOM at 

15 mg C/L, shown as an example. Similar trends were observed at other 

NOM concentrations 
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4.2.3 The absorbance measurements 

In this part of our study we were curious to know whether the fractionation of 

NOM upon sorption demonstrated by using HPSEC could equally be observed using the 

absorbance spectrophotometric technique. We measured the absorbances of the NOM 

over the UV-visible range of 200 nm to 900 nm using a step width of 0.5 nm. The 

specific ultra violet absorbance for NOM was estimated at 280 nm (SUVA280) because 

the pi to pi stars (  to ) electronic transitions for the major aromatic compounds that 

constitute humic substances occur around this wavelength (˜ 270 to 280 nm) (Chin et al., 

1994). The reduction in the SUVA280 for the NOM after sorption would be a 

demonstration of the reduction in the aromaticity and hence an indication of preferential 

sorption of larger and more hydrophobic NOM molecules to TiO2 NPs. The sample 

paired t-tests for the means from Origin pro8.6 software was used to identify whether the 

SUVA280 means (each calculated from three replicates) before and after sorption were 

really different at 95 % confidence level.  The p-values shown in the tables indicated the 

significance/no significance in the difference between the means. When the p-value was 

greater than 0.05, then the differences in the SUVA280 before and after sorption were 

considered not to be significant and hence fractionation was not statistically 

demonstrated.  The results were shown in tables 4.2 to 4.4. The SUVA280 values at pH 

4.50 showed there was a reduction from before to after sorption except for the sample A2 

(a sample at 0.01M and 10 mg C/L NOM) which had a p-value of 0.07 (p-value> 0.05). 

This result suggests that the fractionation for the sample was quite small. At the pH 6.50, 

there was also one sample (A1) that had a p-value of 0.09 (p-value > 0.05).  At pH 8.50, 
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there were two samples A2 and C1 that had their p-values of 0.07 and 0.1 respectively. 

The examination of these samples with p-values greater than 0.05, revealed that the 

replicate values had high variability and hence the resultant larger p-values. However, the 

overall results indicated that there was a difference in the SUVA280 before and after 

sorption, a demonstration of fractionation of NOM. 
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Table 4.1. Molecular weights (Daltons) and SUVA280 (mg
-1

m
-1

) before and sorption  

at pH 4.50  

Sample 

name 

Initial 

MWw 

Initial 

MWn 

Final  

MWw 

Final 

MWn 

Initial 

SUVA280 

Final 

SUVA280 

P-

values 

A1 2226 926 1506 499 4.22 3.84 0.03 

A2 2225 952 1317 564 4.23 3.92 0.07 

A3 2185 959 1371 680 4.02 3.39 0.03 

B1 2222 835 1164 464 3.98 2.83 0.01 

B2 2086 880 1125 521 3.89 2.98 0.03 

B3 2156 909 1135 611 3.77 2.62 0.03 

C1 2061 704 1338 334 3.71 2.76 0.02 

C2 2047 709 1153 398 3.36 2.73 0.03 

C3 2113 763 1155 478 3.58 2.66 0.02 

  SUVA280 is specific ultraviolet absorption at 280 nm calculated using three replicates 

  MWw is weight average molecular weight 

  MWn is the number average molecular weight 

  The letters and numbers represent ionic strength and NOM concentration 

   respectively (i.e. A = 0.01, B = 0.1, C = 0.5 and 1 = 7.5, 2 = 10, 3 = 15 mg C/L) 
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Table 4.2. Molecular weights (Daltons) and SUVA280 (mg
-1

m
-1

) before and sorption  

at pH 6.5 

Sample 

name 

Initial 

MWw 

Initial 

MWn 

Final  

MWw 

Final 

MWn 

Initial 

SUVA280 

Final 

SUVA280 

P -

values 

A1 2180 918 1476 651 4.31 3.62 0.09 

A2 2115 919 1376 680 3.91 3.32 0.03 

A3 2133 943 1589 773 3.84 3.30 0.003 

B1 2137 852 1262 569 4.05 3.31 0.02 

B2 2136 882 1265 616 3.80 3.35 0.04 

B3 2140 894 1325 666 3.60 3.11 0.04 

C1 2140 660 1280 414 3.74 3.06 0.04 

C2 2103 704 1191 446 3.65 3.14 0.04 

C3 2108 728 1308 539 3.68 3.12 0.01 

 SUVA280 is specific ultraviolet absorption at 280 nm calculated using three replicates 

  MWw is weight average molecular weight 

  MWn is the number average molecular weight  

  The letters and numbers represent ionic strength and NOM concentration 

   respectively (i.e. A = 0.01, B = 0.1, C = 0.5 and 1 = 7.5, 2 = 10, 3 = 15 mg C/L 
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Table 4.3. Molecular weights (Daltons) and SUVA280 (mg
-1

m
-1

) before and sorption 

 at pH 8.5    

Sample 

name 

Initial 

MWw 

Initial 

MWn 

Final  

MWw 

Final 

MWn 

Initial 

SUVA280 

Final 

SUVA280 

p-

values 

A1 2199 1012 1874 911 4.11 3.66 0.03 

A2 2176 1071 1774 975 4.07 3.76 0.07 

A3 2167 1104 1877 1022 3.76 3.55 0.01 

B1 2106 967 1516 829 4.07 3.23 0.04 

B2 2139 1013 1587 884 3.78 3.29 0.03 

B3 2171 1055 1706 958 3.78 3.24 0.04 

C1 2165 846 1606 621 4.06 3.46 0.1 

C3 2050 737 1566 719 3.83 3.20 0.01 

       
 

SUVA280 is specific ultraviolet absorption at 280 nm calculated using three replicates 

  MWw is weight average molecular weight 

  MWn is the number average molecular weight  

  The letters and numbers represent ionic strength and NOM concentration 

   respectively (i.e. A = 0.01, B = 0.1, C = 0.5 and 1 = 7.5, 2 = 10, 3 = 15 mg C/L) 
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4.2.3 The fluorescence measurements 

The fluorescence spectrophotometric technique was used to corroborate both the 

HPSEC and the absorbance measurements.  According to Chen et al.,( 2003), the smaller 

fractions of humic acid molecules have higher fluorescence intensity than the larger ones. 

Therefore an increase in the fluorescence intensity in the NOM after sorption would 

indicate the preferential sorption of larger and more hydrophobic NOM fractions. The 

larger NOM molecules are believed to have lower free energy of adsorption than the 

smaller ones (Gu et al., 1996). The results of this study were shown as fluorescence 

excitation emission matrix maps in figures 4.15 to 4.17.  These results clearly indicated 

that at each pH and at each of the ionic strengths used in this study, the fluorescence 

intensity was greater after sorption compared to before sorption and thus preferential 

sorption of larger fractions of NOM to TiO2 NPs.   Prior to conducting the fluorescence 

study, the samples were analyzed for TOC. This enabled necessary dilutions to the 

samples to be made so that they all had the same NOM concentration (1 mg C/L) in order 

to minimize any inner filter effects. According to Hudson et al., (2007), the fluorescence 

analyses of NOM could potentially be constrained or affected by inner filtering effects. 

The inner filtering effect is the absorption and re-emission of emitted energy at a longer 

wavelength by surrounding molecules, which particularly happens in concentrated 

solutions. Therefore, in this study, any changes to the fluorescence intensity were 

attributed to the changes in the NOM fractions due to sorption.  
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Figure 4.14. EEMS for fluorescent intensity before (a) and after (b) NOM 

sorption to TiO2 NPs for 0.01M ionic strength, 7.5 mg C/L and pH 4.5  
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Figure 4.15. EEMS for fluorescent intensity before (a) and after (b) NOM 

sorption to TiO2 NPs for 0.01M ionic strength, 7.5 mg C/L and pH 6.5  
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Figure 4.16. EEMS for fluorescent intensity before (a) and after (b) NOM 

sorption to TiO2 NPs for 0.01M ionic strength, 7.5 mg C/L and pH 8.5  
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4.3 Conclusion 

The interaction of NOM with NPs in aqueous medium can result in several 

outcomes. The NOM-NPs interactions could lead to enhanced dispersion of NPs and 

hence increased residence time and increased transportation within the aqueous 

environment.  There could also be a possibility of NOM fractionation, leading to less 

hydrophobic components of NOM remaining in the aqueous phase. In this study we have 

demonstrated that the dispersion of TiO2 NPs upon interaction with NOM was due to the 

sorption of NOM to the TiO2 NPs.  The data demonstrated that the NOM concentration 

was critical in promoting NP dispersion. The results further suggest that the dispersion 

was pH dependent and that the dispersion could be much higher at higher pH than at 

lower pH values. According to the sorption study, the amount of NOM sorbed was 

however, demonstrated to be higher at the lower pH values than at higher pH values.  The 

study further demonstrated that NOM undergoes fractionation. Three different techniques 

were employed to corroborate the fractionation of NOM. The HPSEC showed that pH 

and ionic strength have strong influence of the fractionation. The lower pH and higher 

ionic strengths appeared to enhance sorption and hence fractionation. The HPSEC 

seemed to suggest that there could be an optimum NOM concentration at which 

fractionation could be highly favored, though this could also depend on the amount of the 

sorbent present.  The absorbance spectrophotometry showed that the SUVA280 of the 

NOM was changed after sorption. The fluorescence technique also showed that the 

fluorescence intensity of NOM increased after sorption when compared to before 

sorption. 
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CHAPTER 5. THE TOXIC EFFECTS OF COPPER OXIDE, ZINC OXIDE 

, TITANIUM OXIDE AND IRON (III) OXIDE NANOPARTICLES ON THE  

CLADOCERAN DAPHNIA MAGNA. 

 

Abstract 

Assessing the impacts of metal oxide nanoparticles on aquatic organisms is 

critical in view the increasing production of these materials and their eventual release into 

the aquatic environments.   In this study, the toxic effects of the four metal oxide NPs, 

nZnO, nCuO, nFe2O3 and nTiO2 were assessed on the cladoceran Daphnia magna, taking 

into account the dissolution and aggregation of these NPs.  The study examined the 

toxicity of these metal oxide NPs at two levels of biological organization: organism and 

cellular levels. At the organism (acute toxicity) level the study examined the influence of 

NOM and test media (ionic strength) such as culture (FETAX) solution, moderately hard 

water (MHW) and soft water (SW) on the toxicity of these metal oxide NPs.  At the 

cellular (biomarkers) level the influence of NOM on the toxicity of metal oxide NPs was 

examined in moderately hard water only.  Organism effects were monitored through 

measuring mortality after 48 h exposure and using US EPA probit analysis program a 

series of LC values were estimated and slopes obtained from the plots of probit 

transformed % mortality against the log concentration were used to compare the toxic 

effects of each metal oxide NPs in different test media in addition to the usual LC50 

values. The cellular effects were monitored by measuring a select suite of biomarkers 
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such as glutathione- S –transferases (GST), thiobarbituric acid reacting substances 

(TBARS), oxidized glutathione (GSH) and metallothionein (MT) after 72 h of exposure 

to sublethal concentrations.   

For the organism level, the results indicated that the suspensions of ZnO and CuO 

NPs were very toxic with 48 h LC50 values decreasing with test media of decreasing ionic 

strength. However, the most revealing information about the toxicity of these metal oxide 

NPs in different test media was obtained from the slopes of the LC values. The slopes 

were higher in aqueous media of low ionic strength and were particularly lower in 

aqueous media with dissolved NOM at 0.5 mg C/L. At the NOM concentration of 2.5 mg 

C/L, there were no observed mortalities for both ZnO and CuO NPs suspensions. The 

suspensions of Fe2O3 and TiO2 NPs did not cause any mortality even up to 250 mg/L 

metal oxide NPs. For the cellular level, the results indicated that the suspensions for ZnO 

and CuO NPs showed inhibition of GST, increased levels of malondialdehyde (MDA) 

measured as TBARs, increased oxidized GSH and induction of MT. In the presence of 

dissolved NOM these effects were less pronounced.  Overall the results suggest that 

toxicity of metal oxide NPs is a combined contribution between NPs and the dissolved 

metal ions.  Both test medium (ionic strength) and NOM have mitigative effects on 

toxicity.  
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5.0 Introduction 

The advent of nanotechnology may be heralded as the epitome of technology of 

the 21st century, albeit with concerns raised over hazards it may have on humans and 

environmental health (Lin et al., 2010). Several studies have thus far suggested that 

nanoparticles (NPs) could have adverse effects on organisms (Brayner et al., 2006; 

Lovern and Klapper, 2006; Franklin et al., 2007; Heinlaan et al., 2008; Aruoja et al., 

2009).  Currently, the presence of NPs in the aquatic environment is not well documented 

(Moore, 2006; Scown et al., 2010) presumably reflecting the inadequacy of the current 

analytical tools to characterize and quantify NPs in complex environmental matrices 

(Petosa et al., 2010; Scown et al., 2010). However, it cannot be disputed that NPs are 

present in aquatic environments though estimation of quantities remains a large research 

area (Lowry et al., 2010).  With the projected increase in the production of the 

nanomaterials (Nowack and Bucheli, 2007; Baun et al., 2008; Farre et al., 2009; Sharma, 

2009; Lin et al., 2010), it is expected that their release into the fresh water systems will 

correspondingly lead to increase in exposure of organisms to the NPs with attendant 

adverse effects (Nowack and Bucheli, 2007; Baun et al., 2008; Sharma, 2009; Lin et al., 

2010).  The proposed use of these NPs particularly makes them prone to be released into 

the fresh water systems. For example TiO2 and ZnO NPs besides being among the 

ingredients in toothpaste, beauty products, sunscreens, they can also be used in textile 

(Wang et al, 2009) and in solar driven self-cleaning coatings (Cai et al., 2006). The CuO 

NPs have been used in wood preservation and antimicrobial textiles (Gabbay et al., 2006) 

and have potential for use as catalysts for carbon monoxide oxidation and as heat transfer 
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fluid in machine tools (Aruoja et al., 2009). The Fe2O3 NPs are having considerable 

application in many areas such as environmental catalysis, magnetic storage, biomedical 

imaging and magnetic target drug delivering (Zhu et al., 2009).  

The behavior and consequently the toxicity of metal oxide NPs in aquatic 

environment is expected to be largely controlled by their surface chemistry and the 

chemistry of the surface waters (Farre et al., 2009; Baun et al., 2008; Keller et al., 2010; 

Lin et al., 2010;  Petosa et al., 2010). The introduction of metal oxide NPs to aquatic 

environments may lead to surface hydrolysis and other sorption reactions (Schindler and 

Stumm, 1987; Westall, 1987) with possibilities of aggregation, dispersion and dissolution 

(as seen in chapters 2 and 3). Thus metal oxide NPs may release free metal ions that 

could be more toxic to organisms than NPs themselves.  Generally, the pH, ionic 

strength, the types and nature of other dissolved species such as NOM may have 

significant influence on the interaction of metal oxide NPs with organisms and hence 

possible alteration of toxicity (Morel and Hering, 1993). Dissolved NOM has potential to 

complex and sorb to both particles and other dissolved species in aqueous environment.  

However, the extent of complexation and sorption may depend on the ionic strength and 

pH of the aquatic environment (O’Melia, 1990; Stumm and Morgan, 1996) as was 

observed in chapters three and four.  Given that dissolved NOM is ubiquitous in aquatic 

environments, it can be expected that its influence on the toxicity of many chemicals 

including that of NPs could be huge.  

Several studies have looked at the toxic effects of metal oxide NPs in aquatic 

system organisms including that of Daphnia magna (Lovern et al. 2006; Heinlaan et al. 
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2008;  Zhu et al. 2009; Strigul et al. 2009; Wiench et al.2009; Kim et al. 2010; Blinova et 

al. 2010; Zhu et al. 2010). But few manipulative studies have looked at the influence of 

ionic strength on NPs toxicity (Truong et al. 2011) and the ameliorating effect of 

dissolved NOM on metal oxide NPs toxicity on aquatic organisms (Krammer et al. 2004).  

Blinova et al., (2010) investigated the toxic effect of CuO and ZnO NPs on Daphnia 

magna using naturally occurring water that had varied amounts of dissolved organic 

carbon.  Some studies have suggested that different types of dissolved NOM will sorbe 

and complex differently on NPs and hence may have different effects on toxicity (Li et 

al., 2011; Wang et al., 2011). For example, Wang et al. (2010) observed that the larger 

fractions (> 1000 Daltons) of dissolved NOM mitigated NPs toxicity, while the smaller 

fractions (<1000 Daltons) enhanced NPs toxicity in this particular study. The extent to 

which both the ionic strength and NOM could influence the toxicity of metal oxide NPs 

still requires active attention both for corroborative evidence and for bridging the 

knowledge gaps.  The aim of this study was therefore to assess the toxic effects of the 

four metal oxide NPs (nZnO, nCuO, nFe2O3 and nTiO2) on cladoceran Daphnia magna, 

at two levels of biological organization: the organism and cellular levels. At the organism 

(acute toxicity) level the study examined the influence of NOM and test media (ionic 

strength) such as culture (FETAX) solution, moderately hard water (MHW) and soft 

water (SW) on the toxicity of these metal oxide NPs. At the cellular (biomarkers) level 

the influence of NOM on metal oxide NPs toxicity was examined in moderately hard 

water only.  Organism level effects were monitored through measuring mortality after 48 

h exposure and US EPA probit analysis program was used to estimate various LC values. 
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The estimated LC values were then transformed into probits and were be plotted against 

concentration on log scale. The obtained slopes were used in comparing metal oxide NPs 

toxicity in different test media in addition to the traditional LC50 values.  The cellular 

level effects were monitored by measuring a select suite of biomarkers such as 

glutathione- S –transferases (GST), thiobarbituric acid reacting substances (TBARS), 

oxidized glutathione (GSH) and induction of metallothionein (MT) after 72 h of exposure 

to sublethal concentrations. The study further examined the proportion of metal oxide 

NPs both that was dissolved (with and without organisms) and remaining in the 

suspensions (gauging aggregation) by the end of the test period in moderately hard water. 

Our hypothesis was that toxicity was due to both dissolved metal ions and NPs 

 

 

5.1 Materials and methods 

5.1.1 Materials 

All the four metal oxide NPs in this study were used as purchased.  The Fe2O3, 

CuO and ZnO NPs were purchased from Sigma-Aldrich, while TiO2 NPs was purchased 

from Degussa Corporation. The particle sizes were advertized as <50nm for Fe2O3, CuO, 

TiO2 and <100nm for ZnO (though DLS measurements indicated presence of particle 

sizes greater than 100nm). The Suwannee River humic acid (SRHA), reverse osmosis 

isolate (ROI) was purchased from International Humic Substances Society (IHSS). The 

high performance liquid chromatography fitted with Diox auto sampler AS50 and with 
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Diox PDA-100 detector purchased from DIONEX was used for the measurement of 

metallothionein (MT). The size exclusion chromatographic column (SEC), the Protein – 

pak
TM

 125 10µm, 7.8x300mm HPLC column was purchased from Waters. The YMC – 

pack Diol – 120, 300X8.0mm ID, S-5µm, 12nm DL12S05-3008WT HPLC column was 

purchased from YMC.  Spectra Max Gemini fluorescent plate reader and Spectra Max 

190 absorbance plate reader purchased from Molecular Devices were used in the 

determination of biomarkers.  Ethylenediaminetetra acetic acid (EDTA), 5’,5’-dithio-bis-

2-nitrobenzoic acid (DTNB), dithiothreitol (DTT), phenylmethylsulphonyl fluoride 

(PMSF), 1- Chloro-2, 4-dinitrobenzene (CDNB), reduced glutathione (GSH), Rabbit liver 

Metallothionein (MT-1) standard, ,butylated hydroxytoluene (BHT), 1, 1, 3, 3-

tetramethoxypropane (97% purity), HPLC protein standard mixture, SLBB6450V and 

bovine serum albumin (BSA) were purchased from Sigma-Aldrich.  The Bicinchoninic 

acid (BCA) protein assay reagents were purchased from Pierce. The Glutathione 

fluorescent detection kit was purchased from Arbor Assays, and all other chemicals were 

of analytical grade and were purchased from VWR. 
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5.1.2 Methods 

5.1.2.1 Stock and test suspensions for acute toxicity tests in MHW 

For CuO and ZnO NPs, two types of stock suspensions were prepared both at 200 

mg/L for each metal oxide NPs. The first type of stock suspensions was prepared in DDI 

water and was sonicated for 60 minutes. These were then stored at +4 
o
C until required 

for preparation of test suspensions.  The second type was prepared in moderately hard 

water (MHW) and was sonicated for 60 minutes. These were then stored at +4 
o
C until 

required for preparation of test suspensions. The pHs for these stock suspensions were 

measured as 6.30 and 7.37 in DDI water for CuO and ZnO NPs respectively and 7.9 in 

MHW for both metal oxide NPs. The stock suspensions for the Fe2O3 and TiO2 NPs were 

prepared in DDI water only and at 500 mg/L for each metal oxide NPs. These were 

sonicated for 60 minutes and were then stored at +4 
o
C until required for preparation of 

test suspensions. The pH for both suspensions was around 6.23 and 6.18 for Fe2O3 and 

TiO2 NPs respectively.  

Prior to the preparation of the test suspensions, the stock suspensions were 

sonicated for 10 minutes to homogenize and break any aggregates that may have formed. 

For DDI stock suspensions of CuO and ZnO NPs, three types of test suspensions were 

prepared. The first test suspension type had metal oxide NPs only and were prepared by 

pipetting appropriate volumes of the stock suspensions of each metal oxide NPs into 30 

mL plastic test vials and diluted to 25 mL with MHW to give the following 

concentrations:   0.0, 1.0, 2 .0, 5.0 and 10.0 mg/L for each metal oxide NPs. The second 

and third test suspension types had similar metal oxide concentrations as the first type, 
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but also had NOM concentrations of 0.5 mg C/L NOM and 2.5 mg C/L NOM 

respectively.  The metal oxide test suspensions with NOM were allowed to stand for 24 h 

before being used for the toxicity tests. Prior to being used in the toxicity tests, these test 

suspensions were sonicated for 10 minutes. For MHW stock suspensions of CuO and 

ZnO NPs, only one type of test suspension was prepared for each metal oxide NPs. This 

contained metal oxide only and had the following concentrations: 0.0, 1.0, 2.0, 5.0 and 10 

mg/L for each metal oxide NPs.  For both Fe2O3 and TiO2 NPs, the test suspension 

concentrations were prepared by pipetting appropriate volumes of stock suspensions 

(DDI stock suspensions) of each metal oxide NPs into 30 mL plastic test vials and diluted 

to 25 mL with MHW to give the following concentrations: 0.0, 50.0, 100.0, 150.0 and 

250.0 mg/L for each NPs metal oxide.  

  

 

5.1.2.2  Stock and test suspensions for sublethal effects in MHW 

From DDI stock suspension of CuO and ZnO NPs, two types of test suspensions 

were prepared. The first test suspension type had metal oxide NPs only and were 

prepared by pipetting appropriate volumes of the stock suspensions of each metal oxide 

NPs into 30 mL plastic test vials and diluted to 25 mL with MHW to give the following 

concentrations:   0.0, 0.3, 0 .8 and 1.1 mg/L for each metal oxide NPs. The second test 

suspension type had similar metal oxide concentrations as the first type, but also had 

NOM concentrations of 0.5 mg C/L NOM (2.5 mg C/L NOM were excluded due to no 

observed mortality in the acute toxicity tests). The metal oxide NPs test suspensions with 


