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Benefits & Risks of Nanotechnology 

Quantum size 
effects result in 

unique 
mechanical, 
electronic, 

photonic, and 
magnetic 
properties 

GOOD 
nano 

BAD 
nano 

Stone & Donaldson, 2006 

Nanoparticles operationally defined as < 100 nm in at 
least one-dimension 



Presentation Outline 

NM Sources & 
Uses in Society 

Wastewater 
Treatment 

Plants 

Biosolids to 
Land 

Application, etc 

Liquid Effluent to 
Surface Waters 



Wastewater 
Treatment plant 

Society 

Incineration 

Drinking Water 
Treatment Plant 

Society 

Wastewater 
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~60% of biosolids land 
applied in the USA 

Air 

Land 
Application of 

Biosolids 

Landfill 

Society is a source of incidental & 
engineered Nanomaterials 



Projections indicate high NM loadings 
to Sewers & WWTPs 

Nanomaterials 
most likely to 
occur:  
TiO2 > ZnO > Ag > 
CNT > fullerene 





Product Line A  
Polishing Agents 

• Industrial processes for 
electronics, optics etc use 
polishing agents in fluids 

• >>$1B industry 
• SiO2, Al2O3, CeO2 are common 

polishing agents 
• Polishing agents end up in sewers 

– not consumer products 
• No direct regulation exists for 

their discharge to sewers 



Common Direct NM Detection 
Method NM Type Generalized Detection Limit 

Comments 
Light scattering (UV/VIS) any > 1 mg/L in water 

0.05 mg/L with HPLC of NM extract 

ICP-MS  
(better than ICP-AES) 
TOF-MS (emerging) 

metals > 10 ppt in water (total metal conc) 
Ability to get size, # and concentration 
dosimetry (sp- , FFF-, centrifugal – ICP-MS) 

LC-MS C60 ~ 1 ppt 

Thermal combustion or 
Microwave thermal analysis 

MWCNT 
SWCNT 

~ 1 ppb 

Isotopes 14C 
Metal 
isotopes 

< 1 ppb by Scintillation counting 
Isotopic ratios 



Environ. Sci.: Nano, 2015, 2, 227–244 



On-site Chemical Lime Softening Treatment 
of CMP wastestreams 
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 Total Si removal, NS0813-1 colloidal silica
 Total Si removal, NS0813-2 fumed silica
 Total Ce removal, NS0813-3 ceria
 Total Al removal, NS0813-4 alumina

Removal efficiencies of Si, Ce and Al for 4 CMP slurries under different pH 
conditions. Ca dosage was 2mM in all cases. Started concentrations: C0Si,slurry 

1=24 mg/L, C0Si,slurry 2=20mg/L, C0Ce,slurry 3=19.5mg/L, C0Al,slurry 4=31mg/L. pH values 
are obtained after jar test when reactions are considered in equilibrium. 
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J. of Hazardous Materials 
211-212, 285-295  (2012) 



Product Line B  
Nanomaterials in foods 

• Nanomaterials added to food for a 
variety of reasons: 
– Texture 
– Anti-caking 
– Color 
– Oxygen barrier 
– Abrasives 
– Antimicrobial 

• Little to no regulation exist 
• Difficult to monitor 



Nanomaterials Dispersed in Products 
Nano-Ag in Toothpaste 

Silver in Shampoo 

Benn et al., J. Environmental Quality, 39:1-8 (2010) 
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Test thousands of products? 
• Go to suppliers instead of 

food grade products 
• Can assess fundamental 

properties of NPs 
• Example: food grade TiO2 

contains P-surface groups 
& is primarily anatase 
 

Yang, et al., ES&T, 48:11:6391-6400 (2014) 



Beverages contain all types of nanoparticles 

ACS Sustainable Chem. Eng. 2014, 2, 1616−1624 




Figure 1. Representative TEM images of NMs found in supplement drinks.
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Silica , Anti-caking agent in food  

http://www.reddit.com/r/FanTheories/comments/1caz5e/the_cooki
e_monsters_eating_disorder_and_failed/ 

In the United States, the 
Food and Drug 
Administration allows up 
to 2% by weight of silica 
to foods as an anti-caking 
agent. 
 
 
 
Nature Nanotechnology 9, 658–
659 (2014) doi:10.1038/nnano.2014.196 



Foods Claim Containing Silica 



Transmission Electron Microscopy 
(TEM) on Separated Silica from Foods 

 Nano silica present in foods 



Product Line C 
Example: nano-Ag in plastics 

Ag-impregnated 
Tupperware 

Ag-NP-
doped 

polymers  

Ag+-doped 
polymers 

Ag+ 

monomer compatibilizers/ 
additives 

curing agents 

5% TiO2 1% MWCNT 

e.g.,  

Ag+ 
Ag 
NP 

in situ NP 
formation 

Ag  
N
P 

monomer compatibilizers/ 
additives 

curing agents 

Sharper Image 



Product Line D – Nano-enabled fabrics 
• Why? 

– Anti-microbial (no stink) 
– Flame Retardant 
– Self cleaning 

• Common nanomaterials: 
– Silver 
– Silica 
– CNT 

• What happens during 
use (wearing & 
washing)? 



Environ. Sci. Technol. 2016, 50, 4018−4026 



Part I - Summary 
 

• NMs are released from 
commercial products into 
sewage wastewater 
 

• The functionality of the 
product influences how 
NMs are used in different 
product lines 

NM Sources & 
Uses in Society 

Wastewater 
Treatment 

Plants 

Biosolids to 
Land 

Application, etc 

Liquid Effluent to 
Surface Waters 



Nanomaterial removal in 
Wastewater Treatment Processes 

River / Lake 

1o settling 2o settling Biological 
process 

Optional 
Filter or membrane 

Red Arrows represent 
flux of nanomaterials  



 Primary Settling 

River / Lake 

1o settling 2o settling Biological 
process 

Optional 
Filter or membrane 

Removal of 
nanomaterials that are 
aggregated to clays, 
bacteria or other solids 
> 20 um in size 



 Biological Treatment 

River / Lake 

1o settling 2o settling Biological 
process 

Optional 
Filter or membrane 

Removal of 
nanomaterials occurs 
when they interact with 
biofilms or biosolids 



Batch Sorption Experiments 

• Fresh wastewater biomass 
• Mixing and settling times 

mimic hydraulic residence 
times at plant 

• Analyze settled supernatant 
• Can readily screen many 

properties 
• Quick test 
• Standard EPA method exists 

for organic pollutants using 
freeze-dried biomass too 

Nanoparticle 
Control 

(No  Biomass 
Sorbent) 

NP + 400 mg TSS/L 
Biomass Sorbent 

NP + 800 mgTSS/L 
Biomass Sorbent 



Standard Batch Methods 
 

• OPPTS 835.1110 
Activated Sludge Sorption 
Isotherm 

• Uses freeze-dried biomass 
• Validated for organics, 

and has been used for 
metals 

• Data here shows fresh 
and freeze-dried biomass 
provide comparable 
removals when applied at 
similar mgTSS/L biomass 
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Does OPTT Test work for NPs? NO! 
• X-axis is 

different 
types of 
nanoparticles 

• Fresh and 
rinsed 
biomass 
shows much 
more 
capacity for 
NMs than 
freeze-dried 
biomass 
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Freeze-drying and heating denatured 
proteins & released bacterial “surfactants” 
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Removal by biomass of different 
Nanoparticles (1 gTSS/L) 


Chart1

		AgNP		0.0010392276		0.0010392276

		AuNP		0.0000991442		0.0000991442

		CeO2		0.0055325236		0.0055325236

		Fe3O4		0.0262679815		0.0262679815

		MWCNT		0.0056781939		0.0056781939

		SiO2-C		0.0247992566		0.0247992566

		SiO2-F		0.015740268		0.015740268

		ZnO		0.0040749326		0.0040749326



Fraction  Removed

0.9030881365

0.9904451765

0.9644381552

0.2278186078

0.9003092748

0.2533960293

0.2580398075

0.761085717



Ag Au Ce less than 100 ppb

		Run		107Ag		109Ag		140Ce		197Au		209Bi

				ppb		ppb		ppb		ppb		ppb

				50E3 ppt    10/8/2015 2:46:35 PM

		1		-0.866		-0.839		-0.356		-0.16		99.49%

		2		-0.85		-0.825		-0.356		-0.157		99.85%

		3		-0.833		-0.813		-0.355		-0.158		100.67%

		x		-0.85		-0.825		-0.356		-0.158		100.00%

		s		0.017		0.013		0		0.002		0.60%

		%RSD		1.977		1.561		0.079		1.066		0.604

				100 ppt    10/8/2015 2:36:44 PM

		1		-0.811		-0.783		-0.261		-0.061		98.68%

		2		-0.804		-0.777		-0.265		-0.064		99.93%

		3		-0.776		-0.77		-0.264		-0.064		100.09%

		x		-0.797		-0.777		-0.263		-0.063		99.57%

		s		0.018		0.007		0.002		0.001		0.77%

		%RSD		2.309		0.845		0.886		2.254		0.775

				500 ppt    10/8/2015 2:39:10 PM

		1		-0.322		-0.282		0.104		0.377		98.55%

		2		-0.284		-0.259		0.099		0.376		98.22%

		3		-0.286		-0.261		0.086		0.366		99.55%

		x		-0.297		-0.268		0.096		0.373		98.77%

		s		0.021		0.013		0.009		0.006		0.70%

		%RSD		7.062		4.672		9.705		1.574		0.706

				1E3 ppt    10/8/2015 2:41:38 PM

		1		0.339		0.391		0.528		0.924		98.23%

		2		0.306		0.329		0.532		0.94		98.19%

		3		0.355		0.347		0.536		0.92		98.01%

		x		0.333		0.355		0.532		0.928		98.14%

		s		0.025		0.032		0.004		0.011		0.12%

		%RSD		7.587		8.863		0.736		1.162		0.121

				5E3 ppt    10/8/2015 2:44:07 PM

		1		5.555		5.514		4.086		5.52		98.86%

		2		5.603		5.636		4.152		5.567		98.24%

		3		5.594		5.583		4.068		5.404		99.97%

		x		5.584		5.578		4.102		5.497		99.03%

		s		0.025		0.061		0.044		0.084		0.88%

		%RSD		0.455		1.097		1.076		1.52		0.886

				50E3 ppt    10/8/2015 2:46:35 PM

		1		55.41		54.91		54.91		50.03		112.45%

		2		55.11		55.17		54.72		50.27		112.51%

		3		55.35		55.25		55		49.98		112.34%

		x		55.29		55.11		54.87		50.09		112.43%

		s		0.158		0.179		0.144		0.156		0.08%

		%RSD		0.285		0.326		0.262		0.311		0.075

				100E3 ppt    10/8/2015 2:49:03 PM

		1		97.31		97.55		97.51		88.88		125.22%

		2		97.34		97.53		97.67		89.29		124.04%

		3		97.36		97.2		97.66		121.6		124.98%

		x		97.34		97.43		97.62		99.93		124.75%

		s		0.025		0.195		0.09		18.78		0.62%

		%RSD		0.026		0.2		0.092		18.79		0.5

				500E3ppt    10/8/2015 2:51:32 PM

		1		353.5		350.2		256.8		326.3		238.29%

		2		352.8		354		258.6		324.9		237.79%

		3		350.9		351.9		256.9		325.4		239.72%

		x		352.4		352		257.4		325.5		238.60%

		s		1.342		1.896		1.001		0.68		1.00%

		%RSD		0.381		0.538		0.389		0.209		0.419

				AQR blk    10/8/2015 2:54:01 PM

		1		-0.849		-0.822		-0.34		1.384		95.34%

		2		-0.864		-0.839		-0.341		1.245		96.27%

		3		-0.873		-0.853		-0.339		1.142		96.55%

		x		-0.862		-0.838		-0.34		1.257		96.05%

		s		0.012		0.015		0.001		0.121		0.63%

		%RSD		1.4		1.817		0.359		9.635		0.658

				50ppb qc    10/8/2015 2:56:29 PM

		1		55.15		54.95		54.87		51.42		110.81%

		2		55.04		55.01		54.89		51.14		110.88%

		3		54.76		54.78		54.82		50.75		112.01%

		x		54.98		54.91		54.86		51.1		111.23%

		s		0.201		0.118		0.035		0.34		0.68%

		%RSD		0.365		0.215		0.065		0.665		0.609

				33    10/8/2015 2:58:57 PM

		1		1.513		1.538		4.719		0.251		94.47%

		2		1.512		1.541		4.976		0.263		94.51%

		3		1.534		1.514		4.858		0.246		95.35%

		x		1.52		1.531		4.851		0.254		94.77%

		s		0.012		0.015		0.129		0.009		0.50%

		%RSD		0.813		0.958		2.649		3.372		0.527

				34    10/8/2015 3:01:23 PM

		1		1.501		1.563		4.975		0.029		93.95%

		2		1.497		1.501		4.059		0.03		94.89%

		3		1.513		1.467		5.167		0.027		95.48%

		x		1.503		1.51		4.734		0.028		94.77%

		s		0.008		0.048		0.592		0.001		0.77%

		%RSD		0.548		3.209		12.51		4.687		0.814

				35    10/8/2015 3:03:50 PM

		1		1.502		1.521		-0.226		-0.039		94.31%

		2		1.513		1.535		-0.255		-0.036		94.10%

		3		1.477		1.517		-0.25		-0.043		95.15%

		x		1.497		1.524		-0.244		-0.039		94.52%

		s		0.018		0.009		0.016		0.004		0.56%

		%RSD		1.208		0.617		6.368		9.081		0.588

				36    10/8/2015 3:06:18 PM

		1		1.531		1.499		-0.211		-0.073		93.23%

		2		1.497		1.502		-0.286		-0.068		94.00%

		3		1.498		1.512		-0.272		-0.065		94.79%

		x		1.509		1.504		-0.256		-0.069		94.01%

		s		0.019		0.007		0.04		0.004		0.78%

		%RSD		1.284		0.449		15.5		6.082		0.832

				37    10/8/2015 3:08:45 PM

		1		1.436		1.494		7.019		-0.099		93.73%

		2		1.445		1.444		6.084		-0.099		93.87%

		3		1.434		1.481		6.608		-0.099		94.90%

		x		1.438		1.473		6.57		-0.099		94.17%

		s		0.006		0.026		0.469		0		0.64%

		%RSD		0.405		1.795		7.136		0.309		0.682

				38    10/8/2015 3:11:14 PM

		1		1.522		1.571		6.197		-0.1		93.83%

		2		1.495		1.536		6.321		-0.106		94.47%

		3		1.471		1.465		6.097		-0.098		95.92%

		x		1.496		1.524		6.205		-0.101		94.74%

		s		0.025		0.054		0.112		0.004		1.07%

		%RSD		1.694		3.548		1.809		4.07		1.131

				39    10/8/2015 3:13:42 PM

		1		1.526		1.548		-0.304		-0.115		94.18%

		2		1.546		1.537		-0.334		-0.111		95.16%

		3		1.508		1.575		-0.331		-0.11		95.23%

		x		1.527		1.553		-0.323		-0.112		94.86%

		s		0.019		0.019		0.016		0.003		0.59%

		%RSD		1.257		1.251		5.083		2.498		0.622

				40    10/8/2015 3:16:12 PM

		1		1.485		1.514		-0.315		-0.122		94.33%

		2		1.505		1.51		-0.325		-0.121		96.70%

		3		1.491		1.565		-0.301		-0.116		94.98%

		x		1.494		1.53		-0.314		-0.12		95.34%

		s		0.01		0.031		0.012		0.003		1.23%

		%RSD		0.667		2.005		3.896		2.747		1.287

				41    10/8/2015 3:18:41 PM

		1		-0.126		-0.088		-0.346		80.83		99.18%

		2		-0.094		-0.077		-0.347		80.73		99.24%

		3		-0.079		-0.041		-0.345		80.6		98.96%

		x		-0.1		-0.069		-0.346		80.72		99.13%

		s		0.024		0.024		0.001		0.117		0.14%

		%RSD		24.21		35.46		0.315		0.145		0.145

				42    10/8/2015 3:21:08 PM

		1		-0.268		-0.261		-0.317		97.07		97.46%

		2		-0.259		-0.233		-0.292		98.61		97.96%

		3		-0.254		-0.199		-0.298		97.36		96.90%

		x		-0.26		-0.231		-0.302		97.68		97.44%

		s		0.007		0.031		0.013		0.821		0.53%

		%RSD		2.698		13.5		4.245		0.841		0.54

				43    10/8/2015 3:23:39 PM

		1		-0.853		-0.827		-0.35		1.188		97.18%

		2		-0.847		-0.817		-0.35		1.176		97.45%

		3		-0.821		-0.813		-0.347		1.182		96.62%

		x		-0.84		-0.819		-0.349		1.182		97.08%

		s		0.017		0.007		0.001		0.006		0.42%

		%RSD		2.002		0.882		0.399		0.509		0.434

				blk    10/8/2015 3:26:08 PM

		1		-1.077		-1.058		-0.343		-0.021		96.02%

		2		-1.081		-1.062		-0.342		-0.012		95.25%

		3		-1.077		-1.061		-0.343		-0.012		96.15%

		x		-1.079		-1.06		-0.343		-0.015		95.81%

		s		0.002		0.002		0.001		0.005		0.49%

		%RSD		0.216		0.155		0.175		33.96		0.507

				qc    10/8/2015 3:28:34 PM

		1		53.76		53.86		54.13		50.36		110.54%

		2		53.9		53.58		54.06		50.5		110.70%

		3		53.64		53.82		53.98		50.56		110.30%

		x		53.77		53.75		54.06		50.47		110.51%

		s		0.13		0.15		0.071		0.099		0.20%

		%RSD		0.241		0.28		0.132		0.197		0.185

				44    10/8/2015 3:31:04 PM

		1		-0.793		-0.751		-0.349		1.226		97.40%

		2		-0.767		-0.746		-0.347		1.211		96.38%

		3		-0.772		-0.738		-0.348		1.201		96.92%

		x		-0.777		-0.745		-0.348		1.213		96.90%

		s		0.014		0.006		0.001		0.013		0.51%

		%RSD		1.788		0.864		0.19		1.052		0.527

				45    10/8/2015 3:33:33 PM

		1		-0.411		-0.392		-0.348		77.07		96.04%

		2		-0.39		-0.362		-0.349		77.59		95.97%

		3		-0.347		-0.321		-0.35		78.26		95.49%

		x		-0.383		-0.358		-0.349		77.64		95.83%

		s		0.032		0.035		0.001		0.593		0.30%

		%RSD		8.464		9.869		0.252		0.763		0.31

				46    10/8/2015 3:36:01 PM

		1		-0.381		-0.352		-0.35		84.11		97.03%

		2		-0.359		-0.317		-0.349		84.11		95.71%

		3		-0.316		-0.298		-0.351		84.61		96.66%

		x		-0.352		-0.322		-0.35		84.28		96.47%

		s		0.033		0.027		0.001		0.289		0.68%

		%RSD		9.335		8.414		0.283		0.343		0.706

				47    10/8/2015 3:38:30 PM

		1		-0.758		-0.724		-0.346		0.505		95.65%

		2		-0.761		-0.739		-0.347		0.48		96.17%

		3		-0.742		-0.71		-0.346		0.464		95.91%

		x		-0.754		-0.724		-0.346		0.483		95.91%

		s		0.01		0.014		0.001		0.021		0.26%

		%RSD		1.381		1.984		0.154		4.274		0.274

				48    10/8/2015 3:40:58 PM

		1		-0.751		-0.73		-0.336		0.198		96.56%

		2		-0.742		-0.717		-0.337		0.177		95.95%

		3		-0.725		-0.693		-0.337		0.192		95.38%

		x		-0.739		-0.713		-0.337		0.189		95.96%

		s		0.013		0.019		0.001		0.011		0.59%

		%RSD		1.804		2.602		0.251		5.893		0.615

				49    10/8/2015 3:43:25 PM

		1		41.77		42.12		-0.337		-0.003		94.16%

		2		42.35		42.42		-0.344		0		94.22%

		3		42.67		42.46		-0.343		0.01		94.05%

		x		42.26		42.33		-0.342		0.002		94.14%

		s		0.46		0.188		0.004		0.007		0.08%

		%RSD		1.089		0.444		1.165		285.9		0.088

				50    10/8/2015 3:45:52 PM

		1		40.8		40.97		-0.342		-0.055		94.28%

		2		41.49		41.23		-0.345		-0.047		93.29%

		3		41.13		41.19		-0.344		-0.052		93.59%

		x		41.14		41.13		-0.344		-0.051		93.72%

		s		0.347		0.141		0.001		0.004		0.51%

		%RSD		0.844		0.343		0.391		7.407		0.539

				51    10/8/2015 3:48:20 PM

		1		3.794		3.867		-0.352		-0.087		93.97%

		2		3.884		3.903		-0.352		-0.081		93.36%

		3		3.908		3.976		-0.351		-0.075		93.54%

		x		3.862		3.915		-0.352		-0.081		93.63%

		s		0.06		0.056		0		0.006		0.31%

		%RSD		1.556		1.425		0.124		6.948		0.331

				52    10/8/2015 3:50:48 PM

		1		4.235		4.314		-0.352		-0.105		93.61%

		2		4.312		4.375		-0.351		-0.098		93.02%

		3		4.304		4.284		-0.352		-0.105		93.08%

		x		4.284		4.324		-0.352		-0.103		93.24%

		s		0.043		0.046		0		0.004		0.33%

		%RSD		0.995		1.067		0.096		3.525		0.348

				53    10/8/2015 3:53:18 PM

		1		38.64		38.99		-0.351		-0.109		93.50%

		2		39.14		39.13		-0.351		-0.097		93.28%

		3		39.12		39.1		-0.352		-0.093		93.59%

		x		38.96		39.07		-0.351		-0.099		93.45%

		s		0.281		0.075		0		0.008		0.16%

		%RSD		0.722		0.191		0.112		8.09		0.169

				54    10/8/2015 3:55:47 PM

		1		37.18		37.11		-0.352		-0.109		94.90%

		2		37.76		37.6		-0.352		-0.101		93.78%

		3		37.65		37.51		-0.351		-0.101		94.13%

		x		37.53		37.41		-0.352		-0.104		94.27%

		s		0.309		0.262		0.001		0.005		0.57%

		%RSD		0.823		0.699		0.274		4.4		0.608

				55    10/8/2015 3:58:17 PM

		1		2.192		2.202		-0.351		-0.131		93.57%

		2		2.206		2.249		-0.352		-0.125		93.69%

		3		2.227		2.191		-0.351		-0.122		94.15%

		x		2.208		2.214		-0.351		-0.126		93.80%

		s		0.018		0.031		0		0.004		0.30%

		%RSD		0.815		1.403		0.113		3.518		0.324

				56    10/8/2015 4:00:48 PM

		1		2.218		2.194		-0.352		-0.127		93.99%

		2		2.234		2.309		-0.352		-0.127		93.43%

		3		2.175		2.156		-0.351		-0.125		94.68%

		x		2.209		2.22		-0.352		-0.126		94.04%

		s		0.03		0.08		0.001		0.001		0.63%

		%RSD		1.377		3.59		0.188		0.874		0.665

				blk    10/8/2015 4:03:15 PM

		1		-1.042		-1.021		-0.34		-0.106		97.13%

		2		-1.04		-1.016		-0.342		-0.103		96.83%

		3		-1.036		-1.011		-0.341		-0.097		97.07%

		x		-1.039		-1.016		-0.341		-0.102		97.01%

		s		0.003		0.005		0.001		0.005		0.16%

		%RSD		0.301		0.479		0.334		4.606		0.164

				qc    10/8/2015 4:05:42 PM

		1		54.49		54.23		54.62		50.31		112.74%

		2		54.48		54.38		54.27		50.48		112.86%

		3		54.66		54.68		54.64		50.25		113.15%

		x		54.55		54.43		54.51		50.35		112.92%

		s		0.098		0.233		0.21		0.123		0.21%

		%RSD		0.18		0.427		0.385		0.244		0.185





Au Ag Ce greater than 100ppb

		Run		107Ag		109Ag		140Ce		197Au		209Bi

				ppb		ppb		ppb		ppb		ppb

				50    10/8/2015 3:45:52 PM

		1		-26.1		-26.08		-55.84		-2997.00%		99.49%

		2		-26.07		-26.06		-55.84		-2997.00%		99.85%

		3		-26.05		-26.04		-55.84		-2997.00%		100.67%

		x		-26.07		-26.06		-55.84		-2997.00%		100.00%

		s		0.025		0.019		0.001		0.003		0.60%

		%RSD		0.095		0.073		0.001		0.009		0.604

				100 ppt    10/8/2015 2:36:44 PM

		1		-26.02		-25.99		-55.63		-2981.00%		98.68%

		2		-26.01		-25.98		-55.64		-2982.00%		99.93%

		3		-25.97		-25.98		-55.64		-2982.00%		100.09%

		x		-26		-25.98		-55.64		-2982.00%		99.57%

		s		0.027		0.01		0.005		0.002		0.77%

		%RSD		0.105		0.037		0.009		0.008		0.775

				500 ppt    10/8/2015 2:39:10 PM

		1		-25.29		-25.25		-54.86		-2911.00%		98.55%

		2		-25.24		-25.22		-54.87		-2911.00%		98.22%

		3		-25.24		-25.22		-54.9		-2912.00%		99.55%

		x		-25.26		-25.23		-54.88		-2911.00%		98.77%

		s		0.031		0.018		0.02		0.009		0.70%

		%RSD		0.123		0.073		0.036		0.032		0.706

				1E3 ppt    10/8/2015 2:41:38 PM

		1		-24.32		-24.26		-53.97		-2823.00%		98.23%

		2		-24.37		-24.35		-53.96		-2820.00%		98.19%

		3		-24.29		-24.32		-53.95		-2823.00%		98.01%

		x		-24.33		-24.31		-53.96		-2822.00%		98.14%

		s		0.037		0.047		0.008		0.017		0.12%

		%RSD		0.154		0.192		0.015		0.061		0.121

				5E3 ppt    10/8/2015 2:44:07 PM

		1		-16.61		-16.68		-46.45		-2083.00%		98.86%

		2		-16.54		-16.5		-46.3		-2076.00%		98.24%

		3		-16.55		-16.58		-46.48		-2102.00%		99.97%

		x		-16.57		-16.59		-46.41		-2087.00%		99.03%

		s		0.038		0.09		0.093		0.134		0.88%

		%RSD		0.227		0.545		0.201		0.644		0.886

				50E3 ppt    10/8/2015 2:46:35 PM

		1		57.04		56.36		61.01		5077.00%		112.45%

		2		56.59		56.74		60.61		5115.00%		112.51%

		3		56.94		56.87		61.2		5068.00%		112.34%

		x		56.86		56.65		60.94		5087.00%		112.43%

		s		0.233		0.265		0.304		0.25		0.08%

		%RSD		0.41		0.469		0.5		0.492		0.075

				100E3 ppt    10/8/2015 2:49:03 PM

		1		118.9		119.4		151.1		11330.00%		125.22%

		2		119		119.4		151.4		11390.00%		124.04%

		3		119		118.9		151.4		16590.00%		124.98%

		x		119		119.2		151.3		13100.00%		124.75%

		s		0.037		0.288		0.19		30.21		0.62%

		%RSD		0.031		0.242		0.125		23.05		0.5

				500E3ppt    10/8/2015 2:51:32 PM

		1		497.3		493		487.8		49520.00%		238.29%

		2		496.3		498.6		491.6		49300.00%		237.79%

		3		493.5		495.6		488.1		49370.00%		239.72%

		x		495.7		495.7		489.2		49400.00%		238.60%

		s		1.982		2.803		2.116		1.094		1.00%

		%RSD		0.4		0.566		0.433		0.222		0.419

				AQR blk    10/8/2015 2:54:01 PM

		1		-26.07		-26.05		-55.8		-2749.00%		95.34%

		2		-26.1		-26.08		-55.8		-2771.00%		96.27%

		3		-26.11		-26.1		-55.8		-2788.00%		96.55%

		x		-26.09		-26.08		-55.8		-2769.00%		96.05%

		s		0.018		0.023		0.003		0.195		0.63%

		%RSD		0.068		0.086		0.005		0.704		0.658

				50ppb qc    10/8/2015 2:56:29 PM

		1		56.66		56.42		60.94		5301.00%		110.81%

		2		56.49		56.5		60.97		5255.00%		110.88%

		3		56.08		56.17		60.83		5192.00%		112.01%

		x		56.41		56.36		60.91		5249.00%		111.23%

		s		0.297		0.174		0.075		0.547		0.68%

		%RSD		0.526		0.309		0.123		1.042		0.609

				33    10/8/2015 2:58:57 PM

		1		-22.58		-22.56		-45.11		-2931.00%		94.47%

		2		-22.58		-22.56		-44.56		-2929.00%		94.51%

		3		-22.55		-22.6		-44.81		-2932.00%		95.35%

		x		-22.57		-22.57		-44.83		-2931.00%		94.77%

		s		0.018		0.022		0.272		0.014		0.50%

		%RSD		0.081		0.096		0.606		0.047		0.527

				34    10/8/2015 3:01:23 PM

		1		-22.6		-22.53		-44.56		-2967.00%		93.95%

		2		-22.61		-22.62		-46.5		-2967.00%		94.89%

		3		-22.58		-22.67		-44.16		-2967.00%		95.48%

		x		-22.6		-22.6		-45.07		-2967.00%		94.77%

		s		0.012		0.072		1.252		0.002		0.77%

		%RSD		0.054		0.317		2.778		0.007		0.814

				35    10/8/2015 3:03:50 PM

		1		-22.6		-22.59		-55.56		-2978.00%		94.31%

		2		-22.58		-22.57		-55.62		-2977.00%		94.10%

		3		-22.64		-22.59		-55.61		-2978.00%		95.15%

		x		-22.61		-22.58		-55.6		-2978.00%		94.52%

		s		0.027		0.014		0.033		0.006		0.56%

		%RSD		0.118		0.062		0.059		0.019		0.588

				36    10/8/2015 3:06:18 PM

		1		-22.56		-22.62		-55.53		-2983.00%		93.23%

		2		-22.61		-22.61		-55.69		-2982.00%		94.00%

		3		-22.61		-22.6		-55.66		-2982.00%		94.79%

		x		-22.59		-22.61		-55.63		-2982.00%		94.01%

		s		0.029		0.01		0.084		0.007		0.78%

		%RSD		0.127		0.044		0.151		0.023		0.832

				37    10/8/2015 3:08:45 PM

		1		-22.7		-22.63		-40.24		-2987.00%		93.73%

		2		-22.68		-22.7		-42.22		-2987.00%		93.87%

		3		-22.7		-22.65		-41.11		-2987.00%		94.90%

		x		-22.69		-22.66		-41.19		-2987.00%		94.17%

		s		0.009		0.039		0.991		0		0.64%

		%RSD		0.038		0.173		2.407		0.002		0.682

				38    10/8/2015 3:11:14 PM

		1		-22.57		-22.51		-41.98		-2987.00%		93.83%

		2		-22.61		-22.57		-41.72		-2988.00%		94.47%

		3		-22.65		-22.67		-42.19		-2987.00%		95.92%

		x		-22.61		-22.58		-41.96		-2988.00%		94.74%

		s		0.037		0.08		0.237		0.007		1.07%

		%RSD		0.166		0.354		0.566		0.022		1.131

				39    10/8/2015 3:13:42 PM

		1		-22.56		-22.55		-55.73		-2990.00%		94.18%

		2		-22.53		-22.56		-55.79		-2989.00%		95.16%

		3		-22.59		-22.51		-55.78		-2989.00%		95.23%

		x		-22.56		-22.54		-55.77		-2989.00%		94.86%

		s		0.028		0.029		0.035		0.005		0.59%

		%RSD		0.126		0.127		0.062		0.015		0.622

				40    10/8/2015 3:16:12 PM

		1		-22.62		-22.6		-55.75		-2991.00%		94.33%

		2		-22.6		-22.6		-55.77		-2991.00%		96.70%

		3		-22.62		-22.52		-55.72		-2990.00%		94.98%

		x		-22.61		-22.57		-55.75		-2991.00%		95.34%

		s		0.015		0.045		0.026		0.005		1.23%

		%RSD		0.065		0.201		0.046		0.018		1.287

				41    10/8/2015 3:18:41 PM

		1		-25.01		-24.97		-55.82		10030.00%		99.18%

		2		-24.96		-24.95		-55.82		10020.00%		99.24%

		3		-24.94		-24.9		-55.81		9994.00%		98.96%

		x		-24.97		-24.94		-55.82		10010.00%		99.13%

		s		0.036		0.036		0.002		0.189		0.14%

		%RSD		0.143		0.144		0.004		0.188		0.145

				42    10/8/2015 3:21:08 PM

		1		-25.21		-25.22		-55.75		12640.00%		97.46%

		2		-25.2		-25.18		-55.7		12890.00%		97.96%

		3		-25.19		-25.13		-55.71		12690.00%		96.90%

		x		-25.2		-25.18		-55.72		12740.00%		97.44%

		s		0.01		0.046		0.027		1.321		0.53%

		%RSD		0.041		0.183		0.049		1.037		0.54

				43    10/8/2015 3:23:39 PM

		1		-26.08		-26.06		-55.82		-2780.00%		97.18%

		2		-26.07		-26.04		-55.82		-2782.00%		97.45%

		3		-26.03		-26.04		-55.82		-2781.00%		96.62%

		x		-26.06		-26.05		-55.82		-2781.00%		97.08%

		s		0.025		0.011		0.003		0.01		0.42%

		%RSD		0.095		0.041		0.005		0.035		0.434

				blk    10/8/2015 3:26:08 PM

		1		-26.41		-26.4		-55.81		-2975.00%		96.02%

		2		-26.42		-26.41		-55.81		-2973.00%		95.25%

		3		-26.41		-26.4		-55.81		-2973.00%		96.15%

		x		-26.41		-26.4		-55.81		-2974.00%		95.81%

		s		0.003		0.002		0.001		0.008		0.49%

		%RSD		0.013		0.009		0.002		0.027		0.507

				qc    10/8/2015 3:28:34 PM

		1		54.61		54.8		59.36		5130.00%		110.54%

		2		54.81		54.39		59.22		5152.00%		110.70%

		3		54.43		54.75		59.06		5161.00%		110.30%

		x		54.61		54.65		59.21		5148.00%		110.51%

		s		0.192		0.222		0.151		0.16		0.20%

		%RSD		0.351		0.407		0.255		0.31		0.185

				44    10/8/2015 3:31:04 PM

		1		-25.99		-25.95		-55.82		-2774.00%		97.40%

		2		-25.95		-25.94		-55.82		-2777.00%		96.38%

		3		-25.96		-25.93		-55.82		-2778.00%		96.92%

		x		-25.97		-25.94		-55.82		-2776.00%		96.90%

		s		0.021		0.01		0.001		0.021		0.51%

		%RSD		0.079		0.037		0.003		0.074		0.527

				45    10/8/2015 3:33:33 PM

		1		-25.43		-25.42		-55.82		9427.00%		96.04%

		2		-25.39		-25.37		-55.82		9510.00%		95.97%

		3		-25.33		-25.31		-55.82		9617.00%		95.49%

		x		-25.38		-25.37		-55.82		9518.00%		95.83%

		s		0.048		0.052		0.002		0.953		0.30%

		%RSD		0.188		0.206		0.003		1.001		0.31

				46    10/8/2015 3:36:01 PM

		1		-25.38		-25.36		-55.82		10560.00%		97.03%

		2		-25.35		-25.3		-55.82		10560.00%		95.71%

		3		-25.29		-25.28		-55.83		10640.00%		96.66%

		x		-25.34		-25.31		-55.82		10590.00%		96.47%

		s		0.049		0.04		0.002		0.465		0.68%

		%RSD		0.192		0.158		0.004		0.439		0.706

				47    10/8/2015 3:38:30 PM

		1		-25.94		-25.91		-55.82		-2890.00%		95.65%

		2		-25.94		-25.93		-55.82		-2894.00%		96.17%

		3		-25.91		-25.89		-55.82		-2897.00%		95.91%

		x		-25.93		-25.91		-55.82		-2894.00%		95.91%

		s		0.015		0.021		0.001		0.033		0.26%

		%RSD		0.059		0.082		0.002		0.115		0.274

				48    10/8/2015 3:40:58 PM

		1		-25.93		-25.92		-55.79		-2939.00%		96.56%

		2		-25.91		-25.9		-55.8		-2943.00%		95.95%

		3		-25.89		-25.86		-55.8		-2940.00%		95.38%

		x		-25.91		-25.89		-55.8		-2941.00%		95.96%

		s		0.02		0.027		0.002		0.018		0.59%

		%RSD		0.076		0.106		0.003		0.061		0.615

				49    10/8/2015 3:43:25 PM

		1		36.88		37.44		-55.8		-2972.00%		94.16%

		2		37.74		37.89		-55.81		-2971.00%		94.22%

		3		38.22		37.96		-55.81		-2970.00%		94.05%

		x		37.62		37.76		-55.81		-2971.00%		94.14%

		s		0.68		0.278		0.008		0.011		0.08%

		%RSD		1.808		0.736		0.015		0.036		0.088

				50    10/8/2015 3:45:52 PM

		1		35.46		35.74		-55.81		-2980.00%		94.28%

		2		36.48		36.13		-55.81		-2979.00%		93.29%

		3		35.95		36.07		-55.81		-2980.00%		93.59%

		x		35.96		35.98		-55.81		-2980.00%		93.72%

		s		0.513		0.208		0.003		0.006		0.51%

		%RSD		1.426		0.58		0.005		0.021		0.539

				51    10/8/2015 3:48:20 PM

		1		-19.21		-19.12		-55.83		-2985.00%		93.97%

		2		-19.08		-19.06		-55.83		-2984.00%		93.36%

		3		-19.04		-18.96		-55.83		-2983.00%		93.54%

		x		-19.11		-19.05		-55.83		-2984.00%		93.63%

		s		0.089		0.083		0.001		0.009		0.31%

		%RSD		0.464		0.433		0.002		0.03		0.331

				52    10/8/2015 3:50:48 PM

		1		-18.56		-18.46		-55.83		-2988.00%		93.61%

		2		-18.45		-18.37		-55.83		-2987.00%		93.02%

		3		-18.46		-18.5		-55.83		-2988.00%		93.08%

		x		-18.49		-18.44		-55.83		-2988.00%		93.24%

		s		0.063		0.068		0.001		0.006		0.33%

		%RSD		0.341		0.37		0.001		0.019		0.348

				53    10/8/2015 3:53:18 PM

		1		32.26		32.82		-55.83		-2989.00%		93.50%

		2		33		33.02		-55.83		-2987.00%		93.28%

		3		32.97		32.98		-55.83		-2986.00%		93.59%

		x		32.74		32.94		-55.83		-2987.00%		93.45%

		s		0.415		0.11		0.001		0.013		0.16%

		%RSD		1.269		0.335		0.001		0.043		0.169

				54    10/8/2015 3:55:47 PM

		1		30.1		30.04		-55.83		-2989.00%		94.90%

		2		30.96		30.76		-55.83		-2988.00%		93.78%

		3		30.8		30.63		-55.83		-2988.00%		94.13%

		x		30.62		30.48		-55.83		-2988.00%		94.27%

		s		0.456		0.387		0.002		0.007		0.57%

		%RSD		1.491		1.269		0.004		0.025		0.608

				55    10/8/2015 3:58:17 PM

		1		-21.58		-21.58		-55.83		-2992.00%		93.57%

		2		-21.56		-21.51		-55.83		-2991.00%		93.69%

		3		-21.53		-21.6		-55.83		-2991.00%		94.15%

		x		-21.56		-21.56		-55.83		-2992.00%		93.80%

		s		0.027		0.046		0.001		0.007		0.30%

		%RSD		0.123		0.213		0.002		0.024		0.324

				56    10/8/2015 4:00:48 PM

		1		-21.54		-21.59		-55.83		-2992.00%		93.99%

		2		-21.52		-21.42		-55.83		-2992.00%		93.43%

		3		-21.61		-21.65		-55.83		-2991.00%		94.68%

		x		-21.56		-21.55		-55.83		-2992.00%		94.04%

		s		0.045		0.118		0.001		0.002		0.63%

		%RSD		0.208		0.547		0.003		0.006		0.665

				blk    10/8/2015 4:03:15 PM

		1		-26.36		-26.35		-55.8		-2988.00%		97.13%

		2		-26.36		-26.34		-55.81		-2988.00%		96.83%

		3		-26.35		-26.33		-55.81		-2987.00%		97.07%

		x		-26.35		-26.34		-55.81		-2988.00%		97.01%

		s		0.005		0.007		0.002		0.008		0.16%

		%RSD		0.018		0.027		0.004		0.025		0.164

				qc    10/8/2015 4:05:42 PM

		1		55.69		55.35		60.41		5121.00%		112.74%

		2		55.67		55.57		59.67		5150.00%		112.86%

		3		55.93		56.02		60.45		5112.00%		113.15%

		x		55.76		55.65		60.18		5128.00%		112.92%

		s		0.145		0.344		0.443		0.197		0.21%

		%RSD		0.26		0.618		0.737		0.385		0.185





Fe Si

		Run		28Si		56Fe-H2										Fe3O4

				ppb		ppb										19.83		17.21				1983		1721				SED

				23    10/8/2015 2:21:09 PM												19.35		16.7				1935		1670				Average		Stdev		C/Co		Stdev		Radar Plot (1-C/Co)

		1		0.092		-0.02										18.47		18.37				1847		1837				1832.167		120.187		0.890		0.058		0.110

		2		0.265		0.094										19.22		17.42				1922		1742

		3		-0.356		-0.074										0.69		0.855				69		85.5				BIO

		x		0		0										3.592		4.909				359.2		490.9				Average		Stdev		C/Co		Stdev

		s		0.321		0.086																						1626.833		59.084		0.790		0.029		0.210

		%RSD		0		0										15.34		15.93				1534		1593

																16.42		16.59				1642		1659				MAG

				Si and Fe 2    10/8/2015 12:38:17 PM												16.26		17.07				1626		1707				Average		Stdev		C/Co		Stdev

		1		4.91		0.693										16.01		16.53				1601		1653				467.600		243.509		0.227		0.118		0.773

		2		5.288		0.596										0.587		0.572				58.7		57.2

		3		6.101		0.715										3.669		3.462				366.9		346.2				CPE

		x		5.433		0.668																						Average		Stdev		C/Co		Stdev

		s		0.608		0.063										2.45		6.991				245		699.1				1498.000		99.563		0.728		0.048		0.272

		%RSD		11.2		9.449										2.59		6.772				259		677.2

																2.326		6.927				232.6		692.7				STOCK

				Si Fe 5    10/8/2015 12:41:28 PM												2.455		6.896				245.5		689.6				Average		Stdev		C/Co		Stdev

		1		8.205		4.401										0.132		0.112				13.2		11.2				2058.667		11.015		1.000		0.005

		2		8.759		3.871										5.362		1.629				536.2		162.9

		3		7.224		3.89

		x		8.062		4.054										13.87		15.86				1387		1586

		s		0.777		0.301										14.22		15.37				1422		1537

		%RSD		9.637		7.415										14.27		16.29				1427		1629

																14.12		15.84				1412		1584

				Si Fe 25    10/8/2015 12:44:40 PM												0.215		0.459				21.5		45.9

		1		27.79		24										1.52		2.9				152		290

		2		24.75		23.98

		3		22.82		24.56										1024						2048

		x		25.12		24.18										1035						2070

		s		2.51		0.325										1029						2058

		%RSD		9.991		1.346

																Si-F

				Si Fe 50    10/8/2015 12:47:53 PM												353.9		350.3				1563		1856				SED

		1		51.57		49.57										353.4		355.8				1597.5		1802				Average		Stdev		C/Co		Stdev		Radar Plot (1-C/Co)

		2		48.42		50.45										333.9		346.2				1534.5		1739				1682.000		134.894		0.961		0.077		0.039

		3		49.18		49.48										347.1		350.7				1565		1799

		x		49.72		49.83										11.41		4.832				31.45		58.45				BIO

		s		1.645		0.538										3.288		1.378				10.045		16.245				Average		Stdev		C/Co		Stdev

		%RSD		3.308		1.079																						1250.083		56.263		0.715		0.032		0.285

																265.9		257.2				1329.5		1286

				Si Fe 100    10/8/2015 12:51:04 PM												255.7		240				1278.5		1200				MAG

		1		99.19		101										243.9		237.4				1219.5		1187				Average		Stdev		C/Co		Stdev

		2		98.89		98.97										255.1		244.9				1275.5		1224.5				1744.583		40.442		0.997		0.023		0.003

		3		93.96		99.89										10.98		10.76				54.9		53.8

		x		97.35		99.96										4.303		4.394				21.515		21.97				CPE

		s		2.936		1.034																						Average		Stdev		C/Co		Stdev

		%RSD		3.016		1.035										312.6		371.2				1769.5		1751.5				1092.667		20.808		0.625		0.012		0.375

																319.5		360.4				1767		1779

				Si Fe 1000    10/8/2015 12:54:17 PM												306.9		347.8				1669.5		1731				STOCK

		1		999.4		1024										313		359.8				1735.5		1753.5				Average		Stdev		C/Co		Stdev

		2		994.6		1035										6.29		11.69				57.05		24.16				1749.417		9.109		1.000		0.005

		3		1005		1029										2.009		3.249				16.44		6.89

		x		999.8		1029

		s		5.368		5.564										217.5		220.7				1087.5		1103.5

		%RSD		0.537		0.541										211.3		221.1				1056.5		1105.5

																217.5		223.1				1087.5		1115.5

				BLK HNO3    10/8/2015 12:57:31 PM												215.4		221.7				1077		1108.5

		1		0.018		-1.372										3.596		1.277				17.98		6.385

		2		-3.204		-1.324										1.669		0.576				8.345		2.88

		3		-0.686		-1.361

		x		-1.29		-1.352										999.4						1748.95

		s		1.694		0.025										994.6						1740.55

		%RSD		131.3		1.843										1005						1758.75

				QC 100ppb    10/8/2015 1:00:44 PM

		1		96.74		101.3										Si-C

		2		104.8		103.2										150.6		170.8				753		854				SED

		3		100.5		102.4										150.2		175				751		875				Average		Stdev		C/Co		Stdev		Radar Plot (1-C/Co)

		x		100.7		102.3										151.4		162.6				757		813				800.500		55.077		0.627		0.043		0.373

		s		4.022		0.953										150.7		169.5				753.5		847.5

		%RSD		3.995		0.931										0.65		6.332				3.25		31.66				BIO

																0.431		3.736				2.155		18.68				Average		Stdev		C/Co		Stdev

				1    10/8/2015 1:03:58 PM																								1089.250		153.173		0.854		0.120		0.146

		1		43.25												196		257.2				980		1286

		2		42.73												183.7		240				918.5		1200				MAG

		3		43.57												192.8		237.4				964		1187				Average		Stdev		C/Co		Stdev

		x		43.18												190.8		244.9				954		1224.5				1258.500		63.641		0.986		0.050		0.014

		s		0.427												6.37		10.76				31.85		53.8

		%RSD		0.988												3.338		4.394				16.69		21.97				CPE

																												Average		Stdev		C/Co		Stdev

				2    10/8/2015 1:07:11 PM												259.6		173.7				1298		868.5				1078.500		194.845		0.845		0.153		0.155

		1		40.86												250.5		189.3				1252.5		946.5

		2		43.25												241.7		179.4				1208.5		897				STOCK

		3		37.04												250.6		180.8				1253		904				Average		Stdev		C/Co		Stdev

		x		40.38												8.931		7.89				44.655		39.45				1276.000		31.749		1.000		0.025

		s		3.131												3.564		4.365				17.82		21.825

		%RSD		7.753

																247.4		268.6				1237		1343

				3    10/8/2015 1:10:25 PM												233.2		258.5				1166		1292.5

		1		37.68												243.6		258.9				1218		1294.5

		2		40.77												241.4		262				1207		1310

		3		40.02												7.351		5.721				36.755		28.605

		x		39.49												3.045		2.184				15.225		10.92

		s		1.61

		%RSD		4.076												999.4						1300

																994.6						1240

				4    10/8/2015 1:13:38 PM												1005						1288

		1		38.8

		2		37.22

		3		35.43

		x		37.15

		s		1.683

		%RSD		4.532

				5    10/8/2015 1:16:51 PM

		1		34.11

		2		33.46

		3		28.82

		x		32.13

		s		2.884

		%RSD		8.975

				6    10/8/2015 1:20:03 PM

		1		32.67

		2		35.96

		3		34.88

		x		34.5

		s		1.68

		%RSD		4.87

				7    10/8/2015 1:23:16 PM

		1		30.12

		2		28.11

		3		32.01

		x		30.08

		s		1.954

		%RSD		6.496

				8    10/8/2015 1:26:28 PM

		1		32.66

		2		31.76

		3		33.13

		x		32.52

		s		0.693

		%RSD		2.13

				9    10/8/2015 1:29:40 PM

		1		353.9		15.01

		2		353.4		15.17

		3		333.9		13.99

		x		347.1		14.72

		s		11.41		0.639

		%RSD		3.288		4.344

				10    10/8/2015 1:32:53 PM

		1		350.3		20.5

		2		355.8		20.6

		3		346.2		19.81

		x		350.7		20.3

		s		4.832		0.43

		%RSD		1.378		2.118

				blk    10/8/2015 1:36:05 PM

		1		1.422		-1.236

		2		0.471		-1.14

		3		-0.676		-1.222

		x		0.406		-1.199

		s		1.051		0.052

		%RSD		259.1		4.33

				qc    10/8/2015 1:39:18 PM

		1		98.32		101.9

		2		104.9		102.7

		3		101.1		101.8

		x		101.5		102.1

		s		3.315		0.489

		%RSD		3.267		0.479

				11    10/8/2015 1:42:32 PM

		1		265.9		112.1

		2		255.7		111.3

		3		243.9		110.4

		x		255.1		111.2

		s		10.98		0.85

		%RSD		4.303		0.764

				12    10/8/2015 1:45:44 PM

		1		257.2		115.6

		2		240		116.3

		3		237.4		115.3

		x		244.9		115.7

		s		10.76		0.542

		%RSD		4.394		0.469

				13    10/8/2015 1:48:58 PM

		1		312.6		16.63

		2		319.5		16.7

		3		306.9		16.85

		x		313		16.73

		s		6.29		0.112

		%RSD		2.009		0.669

				14    10/8/2015 1:52:11 PM

		1		371.2		18.69

		2		360.4		18.76

		3		347.8		19.54

		x		359.8		19

		s		11.69		0.473

		%RSD		3.249		2.489

				15    10/8/2015 1:55:25 PM

		1		217.5		2.057

		2		211.3		1.616

		3		217.5		1.76

		x		215.4		1.811

		s		3.596		0.225

		%RSD		1.669		12.4

				16    10/8/2015 1:58:39 PM

		1		220.7		1.467

		2		221.1		1.594

		3		223.1		1.569

		x		221.7		1.543

		s		1.277		0.067

		%RSD		0.576		4.358

				17    10/8/2015 2:01:52 PM

		1		150.6		15.52

		2		150.2		15.67

		3		151.4		15.17

		x		150.7		15.46

		s		0.65		0.256

		%RSD		0.431		1.657

				18    10/8/2015 2:05:05 PM

		1		170.8		16.55

		2		175		17.15

		3		162.6		16.79

		x		169.5		16.83

		s		6.332		0.303

		%RSD		3.736		1.801

				19    10/8/2015 2:08:18 PM

		1		196		19.44

		2		183.7		20.04

		3		192.8		20.24

		x		190.8		19.91

		s		6.37		0.416

		%RSD		3.338		2.088

				20    10/8/2015 2:11:31 PM

		1		189.2		17.39

		2		171.4		16.76

		3		169.4		17.17

		x		176.6		17.11

		s		10.91		0.322

		%RSD		6.176		1.879

				21    10/8/2015 2:14:43 PM

		1		259.6		2.052

		2		250.5		2.121

		3		241.7		2.34

		x		250.6		2.171

		s		8.931		0.151

		%RSD		3.564		6.935

				22    10/8/2015 2:17:56 PM

		1		173.7		2.079

		2		189.3		2.014

		3		179.4		2.076

		x		180.8		2.056

		s		7.89		0.037

		%RSD		4.365		1.787

				23    10/8/2015 2:21:09 PM

		1		247.4		1.06

		2		233.2		1.005

		3		243.6		0.978

		x		241.4		1.014

		s		7.351		0.042

		%RSD		3.045		4.13

				24    10/8/2015 2:24:22 PM

		1		268.6		0.987

		2		258.5		1.086

		3		258.9		0.828

		x		262		0.967

		s		5.721		0.13

		%RSD		2.184		13.46

				blk    10/8/2015 2:27:35 PM

		1		-1.215		-1.216

		2		-0.222		-1.183

		3		-1.141		-1.06

		x		-0.859		-1.153

		s		0.553		0.082

		%RSD		64.41		7.112

				qc    10/8/2015 2:30:48 PM

		1		107.1		101.8

		2		101.3		103.1

		3		99.86		103.5

		x		102.7		102.8

		s		3.854		0.851

		%RSD		3.751		0.828





CeO2

		

				4.719		4.975				471.9		497.5				SED

				4.976		4.059				497.6		405.9				Average		Stdev		C/Co		Stdev		Radar Plot (1-C/Co)

				4.858		5.167				485.8		516.7				479.233		38.857		0.665		0.054		0.335

				4.851		4.734				485.1		473.4

				0.129		0.592				12.9		59.2				BIO

				2.649		12.51				264.9		1251				Average		Stdev		C/Co		Stdev

																25.000		2.794		0.035		0.004		0.965

				-0.226		-0.211				22.6		21.1

				-0.255		-0.286				25.5		28.6				MAG

				-0.25		-0.272				25		27.2				Average		Stdev		C/Co		Stdev

				-0.244		-0.256				24.4		25.6				638.767		36.459		0.886		0.051		0.114

				0.016		0.04				1.6		4

				6.368		15.5				636.8		1550				CPE

																Average		Stdev		C/Co		Stdev

				7.019		6.197				701.9		619.7				31.833		1.391		0.044		0.002		0.956

				6.084		6.321				608.4		632.1

				6.608		6.097				660.8		609.7				STOCK

				6.57		6.205				657		620.5				Average		Stdev		C/Co		Stdev

				0.469		0.112				46.9		11.2				720.813		2.832		1.000		0.004

				7.136		1.809				713.6		180.9

				-0.304		-0.315				30.4		31.5

				-0.334		-0.325				33.4		32.5

				-0.331		-0.301				33.1		30.1

				-0.323		-0.314				32.3		31.4

				0.016		0.012				1.6		1.2

				5.083		3.896				508.3		389.6

				256.8						719.04

				258.6						724.08

				256.9						719.32

				257.4						720.72

				1.001						2.8028

				0.389						1.0892





Zn

		Run		68Zn-H2

				ppb

										SED

		1		169.1		147.4				Average		Stdev		C/Co		Stdev		Radar Plot (1-C/Co)

		2		173.8		150.1				160.017		11.514		0.251		0.018		0.749

		3		168		151.7

		x		170.3		149.7				BIO

		s		3.096		2.161				Average		Stdev		C/Co		Stdev

		%RSD		1.818		1.443				147.283		5.529		0.231		0.009		0.769

										MAG

		1		152.9		142.6				Average		Stdev		C/Co		Stdev

		2		154.2		142.7				633.083		4.733		0.994		0.007		0.006

		3		149.2		142.1

		x		152.1		142.5				CPE

		s		2.574		0.315				Average		Stdev		C/Co		Stdev

		%RSD		1.692		0.221				135.850		3.168		0.213		0.005		0.787

										STOCK

		1		134.1		138.5				Average		Stdev		C/Co		Stdev

		2		132.7		137.1				636.633		3.338		1.000		0.005

		3		132.6		140.1

		x		133.1		138.6

		s		0.851		1.465

		%RSD		0.639		1.057

		1		638.2		632.3

		2		632.8		627

		3		638.9		629.3

		x		636.7		629.5

		s		3.35		2.631

		%RSD		0.526		0.418





AuNP

				CPE

				Run		Time		197Au

								ppb												CPE

		38												Back Dilution						Average		Stdev		C/Co		Stdev		Radar Plot (1-C/Co)

				1		18:53:03		-0.039		0.505				39		50.5				36.542		15.624		0.003		0.001		0.997

				2		18:53:13		-0.031		0.48				31		48

				3		18:53:23		0.04		0.464				40		46.4				BIO

				x				-0.01		0.483										Average		Stdev		C/Co		Stdev

				s				0.044		0.021										178.942		63.459		0.014		0.005		0.986

				%RSD				431.9		4.274

																				SED

				CPE																Average		Stdev		C/Co		Stdev

		39		1		18:55:38		0.529		0.198				52.9		19.8				9967.333		1839.011		0.785		0.145		0.215

				2		18:55:48		-0.056		0.177				56		17.7

				3		18:55:58		-0.018		0.192				18		19.2				MAG

				x				0.152		0.189										Average		Stdev		C/Co		Stdev

				s				0.327		0.011										10654.750		2057.785		0.840		0.162		0.160

				%RSD				215.7		5.893

																				STOCK

				STOCK																Average		Stdev		C/Co		Stdev

				1		18:58:14		126.9						12690		0				12691.667		106.286		1.000		0.008

		40		2		18:58:24		126.8						12680		0

				3		18:58:34		125						12500		0

				x				126.2

				s				1.087

				%RSD				0.861

				STOCK

				1		19:00:49		128						12800		0

				2		19:00:58		127.8						12780		0

		41		3		19:01:08		127						12700		0

				x				127.6

				s				0.538

				%RSD				0.421

				Biomass

				1		19:08:34		2.6		1.188				260		118.8

		42		2		19:08:44		2.579		1.176				257.9		117.6

				3		19:08:54		2.531		1.182				253.1		118.2

				x				2.57		1.182

				s				0.035		0.006

				%RSD				1.365		0.509

				Biomass

				1		19:11:10		2.253		1.226				225.3		122.6

				2		19:11:20		2.17		1.211				217		121.1

				3		19:11:29		2.156		1.201				215.6		120.1

		43		x				2.193		1.213

				s				0.052		0.013

				%RSD				2.381		1.052

				Sediment

				1		19:13:42		120.7		80.83				12070		8083

				2		19:13:52		119.9		80.73				11990		8073

		44		3		19:14:02		121.8		80.6				12180		8060

				x				120.8		80.72

				s				0.947		0.117

				%RSD				0.784		0.145

				Sediment

				1		19:16:16		124.8		97.07				11960		7707

		45		2		19:16:26		122.3		98.61				11940		7759

				3		19:16:35		123.8		97.36				11960		7826

				x				123.6		97.68

				s				1.281		0.821

				%RSD				1.036		0.841

				Magnetic

				1		19:18:51		119.6		77.07				12480		9707

				2		19:19:00		119.4		77.59				12230		9861

		46		3		19:19:10		119.6		78.26				12380		9736

				x				119.5		77.64

				s				0.118		0.593

				%RSD				0.099		0.763

				Magnetic

				1		19:21:25		120		84.11				12000		8411

		47		2		19:21:35		120.5		84.11				12050		8411

				3		19:21:45		121.3		84.61				12130		8461

				x				120.6		84.28

				s				0.646		0.289

				%RSD				0.536		0.343





AgNP

		

				42.12		40.97				4212		4097				SED

				42.42		41.23				4242		4123				Average		Stdev		C/Co		Stdev		Radar Plot (1-C/Co)

				42.46		41.19				4246		4119				4173.167		67.532		0.935		0.015		0.065

				42.33		41.13				4233		4113

				0.188		0.141				18.8		14.1				BIO

				0.444		0.343				44.4		34.3				Average		Stdev		C/Co		Stdev

																411.983		22.864		0.092		0.005		0.908

				3.867		4.314				386.7		431.4

				3.903		4.375				390.3		437.5				MAG

				3.976		4.284				397.6		428.4				Average		Stdev		C/Co		Stdev

				3.915		4.324				391.5		432.4				3824.000		92.883		0.857		0.021		0.143

				0.056		0.046				5.6		4.6

				1.425		1.067				142.5		106.7				CPE

																Average		Stdev		C/Co		Stdev

				38.99		37.11				3899		3711				221.683		5.411		0.050		0.001		0.950

				39.13		37.6				3913		3760

				39.1		37.51				3910		3751				STOCK

				39.07		37.41				3907		3741				Average		Stdev		C/Co		Stdev

				0.075		0.262				7.5		26.2				4462.133		48.940		1.000		0.011

				0.191		0.699				19.1		69.9

				2.202		2.194				220.2		219.4

				2.249		2.309				224.9		230.9

				2.191		2.156				219.1		215.6

				2.214		2.22				221.4		222

				0.031		0.08				3.1		8

				1.403		3.59				140.3		359

				5.514						4411.2

				5.636						4508.8

				5.583						4466.4

				5.578

				0.061

				1.097





Sheet4

																												Normalized

								Fe3O4		CeO2		Si-F		Si-C		ZnO		AuNP		AgNP		MWCNT								Fe3O4-Magnetite		CeO2		SiO2-Fluorescein		SiO2-Colloidal		ZnO		AuNP		Ag-Citrate		MWCNT

						Sediment Distribution		0.110		0.335		0.039		0.373		0.749		0.215		0.065		0.367						Resonance Wavelength		0.698		0.598		0.890		0.000		0.698		1.000		0.794		0.465

						W.W Sludge Partitioning		0.210		0.965		0.285		0.146		0.769		0.986		0.908		0.743						Size		0.207		0.349		1.000		0.353		0.154		0.249		0.207		0.349

						Magnetism		0.773		0.114		0.003		0.014		0.006		0.160		0.143		0.462						Polydispersity		0.348		0.509		0.189		0.509		0.532		1.000		0.542		0.645

						Cloud Point Extraction		0.272		0.956		0.375		0.155		0.787		0.997		0.950		0.977						Cloud Point Extraction		0.273		0.959		0.376		0.155		0.789		1.000		0.953		0.980

						Size		41.501		69.817		200.284		70.751		30.913		49.899		41.420		69.899						Hydrophobicity		0.102		0.098		0.145		0.141		0.089		0.208		0.175		1.000

						Polydispersity		0.136		0.199		0.074		0.199		0.208		0.391		0.212		0.252						W.W Sludge Partitioning		0.213		0.979		0.290		0.148		0.780		1.000		0.921		0.753

						Dissolution		0.412		0.000		0.852		0.115		0.549		0.022		0.106		0.000						Sediment Distribution		0.147		0.448		0.051		0.498		1.000		0.287		0.087		0.491

						Hydrophobicity		0.000		0.000		0.000		0.000		0.000		0.000		0.000		1.000						Dissolution		0.484		0.000		1.000		0.135		0.644		0.026		0.124		0.000

						Landfill Dissolution		0.032		0.017		0.553		0.124		0.522		0.003		0.110		0.148						Landfill Dissolution		0.058		0.031		1.000		0.224		0.944		0.005		0.199		0.268

						Zfish Mortality		0.000		0.000		0.000		0.000		3.640		32.500		0.000		32.800						Magnetism		1.000		0.147		0.004		0.018		0.007		0.208		0.185		0.597

																												Zf YSE		0.000		0.015		0.000		0.000		1.000		0.000		0.383		0.200

																												Zf Axis		0.000		0.000		0.000		0.000		0.960		0.027		1.000		0.129

																												Zf Mortality		0.000		0.000		0.000		0.000		1.000		0.112		0.000		0.111

																														Fe3O4		CeO2		Si-F		Si-C		ZnO		AuNP		AgNP		MWCNT

																												Size		0.207		0.349		1.000		0.353		0.154		0.249		0.207		0.349

																												Polydispersity		0.348		0.509		0.189		0.509		0.532		1.000		0.542		0.645

																												Magnetism		1.000		0.147		0.004		0.018		0.007		0.208		0.185		0.597

																												Cloud Point Extraction		0.273		0.959		0.376		0.155		0.789		1.000		0.953		0.980

																												Hydrophobicity		0.102		0.098		0.145		0.141		0.089		0.208		0.175		1.000

																												W.W Sludge Partitioning		0.213		0.979		0.290		0.148		0.780		1.000		0.921		0.753

																												Sediment Distribution		0.147		0.448		0.051		0.498		1.000		0.287		0.087		0.491

																												Dissolution		0.684		1.000		0.487		0.495		0.912		0.037		0.176		0.000

																												INI

																												Size		0.042345072		0.1042370904		0.1111944678		0.1056301485		0.0482399268		0.1463761103		0.0658794457		0.1321521252

																												Polydispersity		0.2043574002		0.0440392914		0.0003974974		0.0053062727		0.0022550254		0.1220058003		0.0589459355		0.2261257705

																												Magnetism		0.1604719538		0.0829468744		0.0007907485		0.0016183852		0.003344087		0.1220058003		0.1036135092		0.3439238145

																												Cloud Point Extraction		0.0163681393		0.0551938026		0.0320741577		0.0128592599		0.0412506632		0.1222057253		0.0979913833		0.5759226925

																												Hydrophobicity		0.0127504431		0.0563755752		0.0246638163		0.0122977037		0.0407676052		0.1222057253		0.0946589295		0.4425812642

																												W.W Sludge Partitioning		0.0183707729		0.2575272707		0.0087556106		0.0434135107		0.4580629801		0.1684573459		0.0467895528		0.217136149

																												Sediment Distribution		0.0417530458		0		0.0302428269		0.0394735749		0.3785828775		0.0043498376		0.0063229514		0

																												Dissolution		0.016594464		0		0.5875275257		0.0177820987		0.3573603292		0.0000823014		0.0145399209		0

																												Landfill Dissolution		0		0		0		0		0.5545919863		0.0003569787		0		0.0174498759

																												Zf Mortality		0		0		0		0		0.0906817854		0.0163941244		0		0.022755056

																												SUM		0.257		0.300		0.398		0.119		0.988		0.412		0.244		0.989

																										TOTAL		3.707

																														ZnO		MWCNT		AuNP		Si-F		CeO2		Fe3O4		AgNP		Si-C

																														26.641634011		26.6808785479		11.1204534752		10.7320778362		8.0974135134		6.9197515023		6.592390214		3.2154008999
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Sheet1

		

				Mean Diameter		Trial 1		Trial 2		Trial 3		Avg		StDev

				AgNP		87.2		102.8		68.2		86.1		17.3

				AuNP		48.4		44.1		44.1		45.5		2.5

				CeO2		170.8		171.9		171.2		171.3		0.6

				Fe3O4		53.3		45.9		44.7		48.0		4.7

				MWCNT		198.8		189.9		180.4		189.7		9.2

				SiO2-C		171.1		172.9		172.7		172.2		1.0

				SiO2-F		142.8		149.7		155.6		149.4		6.4

				ZnO		76.3		76.4		76.0		76.2		0.2

				Dissolution		Starting		Trial 1		Trial 2		Trial 3		Avg		StDev		C/Co		StDev

				AgNP		4462.13		472.99		398.59		403.32		424.97		41.66		0.095		0.009

				AuNP		12691.67		279.22		334.86		298.88		304.32		28.22		0.024		0.002

				CeO2		720.81		0.00		0.00		0.00		0.00		0.00		0.000		0.000

				Fe3O4		2058.67		66.49		50.48		71.45		62.81		10.96		0.031		0.005

				MWCNT		4828.50		0.00		0.00		0.00		0.00		0.00		0.000		0.000

				SiO2-C		1276.00		1146.74		1039.90		1176.49		1121.04		71.83		0.879		0.056

				SiO2-F		1749.42		1490.50		1510.46		1438.07		1479.68		37.39		0.846		0.021

				ZnO		636.63		349.51		401.23		365.21		371.98		26.52		0.584		0.042

				Landfill Dissolution		Starting		Trial 1		Trial 2		Trial 3		Avg		StDev		C/Co		StDev

				AgNP		4462.13		490.83		470.23		509.53		490.20		19.66		0.110		0.004

				AuNP		12691.67		380.83		426.56		407.25		404.88		22.96		0.032		0.002

				CeO2		720.81		112.25		99.89		109.80		107.31		6.54		0.149		0.009

				Fe3O4		2058.67		66.49		78.09		89.69		78.09		11.60		0.038		0.006

				MWCNT		4828.50		485.00		452.30		506.77		481.36		27.42		0.100		0.006

				SiO2-C		1276.00		1158.22		1201.45		1114.56		1158.08		43.45		0.908		0.034

				SiO2-F		1749.42		967.43		1017.93		933.25		972.87		42.60		0.556		0.024

				ZnO		636.63		332.32		357.53		329.86		339.90		15.31		0.534		0.024

				LC50		Trial

				AgNP		0.00

				AuNP		32.50

				CeO2		0.00

				Fe3O4		0.00

				MWCNT		32.80

				SiO2-C		0.00

				SiO2-F		0.00

				ZnO		3.64

				WW Sludge Partitioning		Starting		Trial 1		Trial 2		Trial 3		Avg		StDev		1-C/Co		StDev

				AgNP		4462.13		431.40		437.50		428.40		432.43		4.64		0.903		0.001

				AuNP		12691.67		122.60		121.10		120.10		121.27		1.26		0.990		0.000

				CeO2		720.81		21.10		28.60		27.20		25.63		3.99		0.964		0.006

				Fe3O4		2058.67		1534.00		1593.00		1642.00		1589.67		54.08		0.228		0.026

				MWCNT		4828.50		485.00		452.30		506.77		481.36		27.42		0.900		0.006

				SiO2-C		1276.00		980.00		918.00		960.00		952.67		31.64		0.253		0.025

				SiO2-F		1749.42		1329.50		1286.00		1278.50		1298.00		27.54		0.258		0.016

				ZnO		636.63		152.90		154.20		149.20		152.10		2.59		0.761		0.004
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 Biological Treatment 

River / Lake 

1o settling 2o settling Biological 
process 

Optional 
Filter or membrane 

Removal of 
nanomaterials occurs 
when they interact with 
biofilms or biosolids 

2.5 L 
SRT = 6 to 10 days 
Influent COD: ~750 
mg/L  
Influent NP: 0.07 to 2 
mg/L 



 Results of SBR tests with continuous, 
daily addition of Nanoparticles 
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Modeling NP Removal  

Hypothesis: Batch NP 
sorption experiments 
linked with dynamic 
bacterial growth models 
and reactor models can 
predict nanomaterial 
removal  

Example: 
Isotherm in batch reactor 
Fresh biomass 
10 nm diameter citrate 
functionalized nano Silver 
Linear Partition Coefficient 
for : K = 0.0144 L/g 

Kiser et al.,  
Sep. Sci Tech. 2010 



Model Predictions 
“Isotherms” with NPs predict removal in 

Sequencing Batch Reactors 
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Conclusion: Preliminary confirmation exists that we can go 
from batch experiments to simulations of continuous flow 
performance.  Difference in NP effluent concentration probably 
related to NP association with non-settlable colloids 



Part I - Summary 
• Products potential to release 

NMs into the environment 
can be grouped into 4 
product lines 
 

• NMs are released from 
commercial products into 
sewage wastewater 

NM Sources & 
Uses in Society 

Wastewater 
Treatment 

Plants 

Biosolids to 
Land 

Application, etc 

Liquid Effluent to 
Surface Waters 



 Titanium at Full Scale WWTPs 
Titanium is removed from liquid & 

accumulates in biomass 

Kiser et al.,EST 2010; Westerhoff et al., JEM 2011 



 Titanium at Full 
Scale WWTPs 

 Different Facilities 
Titanium Content of water (ugTi/L) 

  
  Headworks Effluent 
Activated sludge 615 5 
Act. Sludge + filter 180 7 
Activated sludge 363 3 
Activated sludge 141 2 
Activated sludge 581 18 
Activated sludge   8 
Activated sludge 233 2 
Trickling filter 549 13 
Membrane bioreactor 
(MBR) 

310 1 

MBR 422 4 
Average 377 6 



NM Sources & 
Uses in Society 

Wastewater 
Treatment 

Plants 

Biosolids to 
Land 

Application, etc 

Liquid Effluent to 
Surface Waters 



What type of NMs do 
we find in real 
biosolids? 

River / Lake 

1o settling 2o settling Biological 
process 

Optional 
Filter or membrane 

Under typical TSS levels (1500-3000 mg/L) 
greater than 90% of even highly negatively 
charged NMs will distribute into biomass 

Let’s go 
Nanoprospecting 



TiO2 in commercial products are similar to TiO2 
extracted from biosolids 

TiO2 in Toothpaste TiO2 in Biosolids 

http://images.google.com/imgres?imgurl=http://z.about.com/d/thyroid/1/0/f/W/toothpaste.jpg&imgrefurl=http://thyroid.about.com/b/2008/01/02/experts-are-having-second-thoughts-about-fluoride.htm&h=296&w=400&sz=4&hl=en&start=4&tbnid=DliCLZjO5rHzCM:&tbnh=92&tbnw=124&prev=/images?q=toothpaste&gbv=2&hl=en


Barium Sulfate & Calcium Phosphates 



Zinc & Iron Oxides 



Sodium Tantalate Catalysts 



Iron & Silver Sulfides 



Solder & Facet “released” material 



Fun – Complex Stuff 



Wastewater 
Treatment plant 

Society 

Incineration 

Drinking Water 
Treatment Plant 

Society 

Wastewater 
Treatment plant 

~60% of biosolids land 
applied in the USA 

Where do Biosolids Go? 

Air 

Land 
Application of 

Biosolids 

Landfill 



USDA Field Site Near Austin, TX 
Long-term Biosolid Applications 



Each element has different soil profile 
after applying biosolids 
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TiO2 Nanomaterials are present in Biosolid 
Ammended Fields 
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Do NMs in Biosolids Amended Soils 
Impact Biological Activity ? 

Substrate Induced Respiration (28 day) 
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Basal Respiration Tests 
CeO2 increases CO2 production 
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Summary 
• Nanomaterials will be emitted from 

various industrial, commercial and 
residential products into sewers 

• On-site treatment systems (lime, 
membranes) can be effective 

• Uniqueness of Nanomaterials: They 
“accumulate” at interfaces  

• At current levels, engineered NMs 
are UNLIKELY to impact WWTP 
operations 

NM Sources & 
Uses in Society 

Wastewater 
Treatment 

Plants 

Biosolids to 
Land 

Application, etc 

Liquid Effluent to 
Surface Waters 
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The effects of slurries on the 
proliferation, viability, or membrane 

integrity of model organisms. 







Lifecycle Perspective of NMs 
Societal Use of 

Products 
Measuring Releases of 
NPs in various media 

Removal of NPs at WWTPs NPs in biosolids that are 
land applied 
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Big Picture – EPA Composite Biosolids 
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