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Editor-in-Chief Introduction: 
 

Dear readers, it is a pleasure for me, to introduce Clifford K. Ho as the guest editor for this special 
issue. Clifford K. Ho finished his PhD at the University of California at Berkeley in 1993. His research 
topics cover: 

- Development of microchemical sensor systems and novel characterization methods for real-time, 
continuous, in-situ sensing of volatile organic compounds. 

- Performance of numerical simulations and analytical analyses of problems related to 
environmental restoration and nuclear waste management. 

- Predicting of flow and transport of groundwater and contaminants in heterogeneous and fractured 
porous media in thermally perturbed systems. 

- Validating mathematical models of heat and mass transfer processes in porous media through 
combined experimental and numerical studies. 

At the moment, he is working at Sandia National Laboratories in Albuquerque, New Mexico, where 
he is a distinguished member of the technical staff. He also serves as an adjunct professor at the 
University of New Mexico in Albuquerque. 

I am very pleased to win Clifford K. Ho over as an expert and guest editor for this special issue. 
Furthermore, I would like to thank him for his work and his contribution to Sensors. 
 

Michael J. Schöning, Editor-in-Chief 
University of Applied Sciences Aachen, Jülich Campus, Germany 
Department of Applied Sciences and Technology, 
Biomedical Engineering Division 
and 
Research Centre Juelich GmbH 
Institute of Thin Films and Interfaces (ISG-2) 
January 28, 2005 
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Preface 
 

Monitoring air, soil, and water for hazardous contaminants has traditionally been motivated by the 
need to protect our environment from industrial pollutants such as volatile organic compounds, 
pesticides, heavy metals, and radionuclides. Typical environmental sampling methods for these 
contaminants employ manual grab samples that are collected on site and then transported to a 
laboratory for analysis.  These sampling methods can be very costly and time consuming, and ongoing 
research has focused on the development of sensors that can replace traditional sampling methods to 
monitor contaminants in the environment. More recently, the threat of chemical, biological, and 
radiological agents introduced into our air or water supplies has also stimulated the demand for 
continuous, real-time, in-situ sensors. 

The scope of this special issue focuses on sensors that are designed to detect hazardous substances 
that could potentially pollute the air, water, or subsurface. Laboratory and field investigations of new 
and emerging sensors are presented, and data analysis methods are also described. Eight papers from 
five different countries are included in this special issue that represent global research in the area of 
sensing for the environment. My hope is that this special issue will provide the reader with a broad 
overview and sampling of the innovative research that is occurring to improve our capabilities for real-
time, continuous sensors for the environment. 
 
 
 
Clifford K. Ho, Guest Editor  
Sandia National Laboratories Albuquerque, New Mexico, U.S.A. 
January 20, 2005 
 

© 2005 by MDPI (http://www.mdpi.org). Reproduction is permitted for non-commercial purposes. 
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Abstract: This paper surveys the needs associated with environmental monitoring and long-
term environmental stewardship. Emerging sensor technologies are reviewed to identify 
compatible technologies for various environmental monitoring applications. The 
contaminants that are considered in this report are grouped into the following categories: 
(1) metals, (2) radioisotopes, (3) volatile organic compounds, and (4) biological 
contaminants. United States regulatory drivers are evaluated for different applications (e.g., 
drinking water, storm water, pretreatment, and air emissions), and sensor requirements are 
derived from these regulatory metrics. Sensor capabilities are then summarized according to 
contaminant type, and the applicability of the different sensors to various environmental 
monitoring applications is discussed. 

Keywords: environmental monitoring, sensors, regulatory standards. 
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Introduction 

Environmental monitoring is required to protect the public and the environment from toxic 
contaminants and pathogens that can be released into a variety of media including air, soil, and water. 
Air pollutants include sulfur dioxide, carbon monoxide, nitrogen dioxide, and volatile organic 
compounds, which originate from sources such as vehicle emissions, power plants, refineries, and 
industrial and laboratory processes. Soil and water contaminants can be classified as microbiological 
(e.g., coliform), radioactive (e.g., tritium), inorganic (e.g., arsenic), synthetic organic (e.g., pesticides), 
and volatile organic compounds (e.g., benzene). Pesticide and herbicides are applied directly to plants 
and soils, and incidental releases of other contaminants can originate from spills, leaking pipes, 
underground storage tanks, waste dumps, and waste repositories. Some of these contaminants can 
persist for many years and migrate through large regions of soil until they reach water resources, 
where they may present an ecological or human-health threat. 

The United States Environmental Protection Agency (U.S. EPA) has imposed strict regulations on 
the concentrations of many environmental contaminants in air and water. However, current monitoring 
methods are costly and time-intensive, and limitations in sampling and analytical techniques exist. For 
example, Looney and Falta [ 1] report that the Department of Energy (DOE) Savannah River Site 
requires manual collection of nearly 40,000 groundwater samples per year, which can cost between 
$100 to $1,000 per sample for off-site analysis. Wilson et al. [ 2] report that as much as 80% of the 
costs associated with site characterization and cleanup of a Superfund site can be attributed to 
laboratory analyses. In addition, the integrity of the off-site laboratory analyses can be compromised 
during sample collection, transport, storage, and analysis, which can span several days or more. 
Clearly, a need exists for accurate, inexpensive, long-term monitoring of environmental contaminants 
using sensors that can be operated on site or in situ. However, the ability to deploy and use emerging 
sensors for these applications is uncertain due to both cultural and technological barriers. 

The purpose of this report is to assess the needs of long-term environmental monitoring applications 
in the U.S. and to summarize the capabilities of emerging sensor technologies (with an emphasis on 
Sandia-developed sensor technologies). A market survey is presented that elucidates the costs, drivers, 
and potential benefits of using in-situ sensors for long-term environmental monitoring. Regulatory 
metrics for different environmental monitoring applications are then presented to provide requirements 
for the sensor technologies. Emerging sensor technologies that are being developed at Sandia National 
Laboratories are then evaluated that can be used to monitor environmental contaminants, particularly 
for long-term environmental stewardship. We limit our focus to four categories of contaminants: 
(1) metals, (2) radioisotopes, (3) volatile organic compounds, and (4) biological contaminants. For 
each contaminant, we seek portable sensors that can provide rapid responses (relative to current 
methods and technologies), ease of operation (for field use), and sufficient detection limits. 

Market survey 

In 2001, U.S. companies generated $213 billion in environmental industry revenue, with a growth 
of 2.1% and exports representing 11% of this figure [ 3]. Overall, the environmental industry is in a 
state of evolution. The U.S. environmental remediation/industrial services markets have topped out 



Sensors 2005, 5  
 

6

and are projected to decline. A decline in hazardous waste management funding continues with a trend 
that began in 1993. Returns on investment in hazardous waste remediation technologies have been low 
for some time and the DOE continues to be the largest funding source within the U.S. for the site 
remediation market. 

A 15% growth in the overall environmental industry is forecasted as the combination of two major 
groups. The first group is comprised of energy and water that is projected to experience growth 
ranging from 19% to over 250% during the first decade of the 21st century [ 3]. The second group 
consists of compliance, remediation and waste management that are projected to decline 13% to 49% 
during the same timeframe. The first group is driven by economics and basic human needs while the 
second group is driven by regulations and enforcement. 

The two best performing environmental industry segments are also the best performers over the past 
decade: clean energy systems/power (+16%) and process/pollution prevention technology (+9%). 
Clean energy systems/power ($10.0 b) accounted for 65% of the overall market growth in dollars. 
Process and pollution prevention technology have annual revenues of $1.3 billion. Continued growth 
of clean energy/power and process/pollution prevention technologies are projected. 

Instrument technology is a $3.8 billion dollar industry and has experienced an annual growth rate of 
approximately 4%. The U.S. water industry – made up of water utilities ($30.9 b), wastewater 
treatment works ($28.8 b), and water equipment/chemicals ($20.3 b) accounts for 38% of the 
environmental industry revenues. Solid waste management ($40.8 b), air pollution control equipment 
($18.3 b) and consulting/engineering ($18.0 b) are also major contributors to the environmental 
industry revenue stream. 

In the present DOE Environmental Management (EM) market, technology investments are not 
occurring on a scale that is likely to make major cost and schedule differences. EM is focusing its 
resources on actual clean-ups and site closures and not on technology innovations. Low interest in 
technologies increases the difficulty in finding willing investors. Investors are likely to be wary of any 
growth potential in a market that has an environmental connotation. However, technologies that have a 
specific need that saves money can be successful. Technological improvements in excavation, 
transportation, disposal, analytical services, robotics, sample preparation, field sampling, and 
monitoring are examples of areas where technological improvements could be successful [ 4]. 

Data Quality Objectives (DQOs) must be considered as part of technology development and a focus 
should be made on the most urgent problems, such as situations where contaminants are in contact 
with groundwater. Regulator involvement in new technology development and acceptance of 
technologies is also very important [ 4]. 

Science and technology needs include methods of detection, analysis, remote sensing, and data 
transmission. A technology-needs analysis determined that the most important needs for analytical 
capabilities were the use of fieldable instrumentation for organic compounds in water/soil/air and for 
Resource Conservation and Recovery Act (RCRA) metals in water/soil [ 4]. It was further noted that a 
leap in technology would occur when the performance of the field instruments more closely 
approaches that of laboratory-based instruments. A potential application in long-term monitoring and 
stewardship is in the area of performance monitoring of water to address current technical 
uncertainties [ 5]. Additionally, information is needed to determine if ambient conditions change 
significantly enough over the long term to diminish the effectiveness of the remedy. 
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Based on information gathered in equipment user surveys, an analysis of the market for 
environmental field instrumentation determined that field instrumentation has been expanding due to 
cost savings from on-site analysis and improved regulatory and customer acceptance of on-site 
methods [ 6]. The environmental field instrument market is expected to enjoy an average growth of 7% 
annually for the foreseeable future. The market will expand with technology developments and 
increasing regulatory acceptance. However, given the current regulatory environment, field 
instruments may never completely replace laboratory analysis, and therefore never realize its 
maximum market potential. 

Remediation opportunities will wane and be replaced with smaller, longer-term opportunities 
related to post-closure monitoring and long-term stewardship. This should open doors to new 
instruments and measurement technologies and remote information management systems. The market 
consists of many niche applications, which are met by a number of different technologies. The long-
term nature of post-closure monitoring and surveillance will be required at a wide variety of nuclear 
sites, uranium mill tailing sites, low-level and mixed-waste burial grounds, and hazardous waste sites 
that may create new areas for application. This market overlaps with other markets, such as for 
chemical industry process monitoring. Technology developments that can crosscut multiple areas 
within the environmental industry have a greater potential for success within the industry. 

Long-term stewardship is not unique to the DOE. The EPA is currently determining its stewardship 
responsibilities through its Federal Facilities Restoration and Reuse Office. Both EPA Region IV and 
X have released policy documents on the use of institutional controls at Federal facilities. However, 
the specific ways in which long-term institutional control issues are implemented vary considerably at 
state and local offices. The Department of Defense (DoD) conducts cleanup activities at more than 
10,000 sites, nearly 2,000 military installations and more than 9,000 formerly used defense properties. 
The Department of Interior (DoI) is responsible for overseeing approximately 13,000 former mining 
sites, some of which have been abandoned by the original owners. The nation’s commitment is also 
not limited to federal properties. For example, sanitary and hazardous landfills, industrial facilities, 
and former waste management operations likely require long-term monitoring that will be funded by 
state and local governments. 

The DOE conducts its stewardship activities in compliance with applicable laws, regulations, and 
inter-agency agreements. In general the DOE is required to implement some land-use controls at waste 
disposal facilities in perpetuity. Groundwater-monitoring timeframes are expected to be 30 years or 
greater. Costs of post-cleanup stewardship activities are currently unknown. However, a DOE Office 
of Inspector General audit found that the “DOE groundwater monitoring activities were not being 
conducted economically as they could have been since some sites had not adopted innovative 
technologies and approaches to well installations, sampling operations, and laboratory analysis.” The 
report concluded that in part this occurred because innovative groundwater monitoring techniques 
were either unavailable or had not been effectively disseminated, evaluated for applicability at other 
sites and implemented” [ 7]. In summary, the development of sensors for long-term groundwater 
monitoring may fill a niche that could have a wide-ranging application for long-term environmental 
monitoring. 
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Regulatory requirements, standards and policies 

Drinking water 

National Primary Drinking Water Regulations apply to public water systems and are legally 
enforceable standards. These primary standards are intended to protect public health by limiting the 
levels of contaminants that can be found in drinking water. Although these standards are applicable to 
public water systems (i.e., at the tap), they are often applied by remediation regulators in the aquifer 
(i.e., at the monitoring wellhead). The following tables (Tab. 1 to Tab. 6) summarize the drinking 
water standards imposed by the U.S. Environmental Protection Agency (EPA). Additional information 
regarding potential health impacts and sources of contamination can also be found at their web site 
(http://www.epa.gov/safewater/mcl.html). 

Table 1. EPA national primary drinking water standards for microorganisms. 

Contaminant 
Maximum Contaminant 

Level Goal (mg/L) 
Maximum Contaminant Level 

(mg/L) 
Cryptosporidium zero See footnote* 
Giardia lamblia zero See footnote* 
Heterotrophic plate count n/a See footnote* 
Legionella zero See footnote* 
Total Coliforms (including fecal coliform and E. Coli) zero 5.0%** 
Turbidity n/a See footnote* 
Viruses (enteric) zero See footnote* 

*EPA's surface water treatment rules require systems using surface water or ground water under the direct influence of surface water to (1) 
disinfect their water, and (2) filter their water or meet criteria for avoiding filtration so that the following contaminants are controlled at the 
following levels: 

• Cryptosporidium (as of1/1/02 for systems serving >10,000 and 1/14/05 for systems serving <10,000) 99% removal.  
• Giardia lamblia: 99.9% removal/inactivation. 
• Viruses: 99.99% removal/inactivation. 
• Legionella: No limit, but EPA believes that if Giardia and viruses are removed/inactivated, Legionella will also be controlled.  
• Turbidity: At no time can turbidity (cloudiness of water) go above 5 nephelolometric turbidity units (NTU); systems that filter must ensure 

that the turbidity go no higher than 1 NTU (0.5 NTU for conventional or direct filtration) in at least 95% of the daily samples in any month. 
As of January 1, 2002, turbidity may never exceed 1 NTU, and must not exceed 0.3 NTU in 95% of daily samples in any month.  

• HPC: No more than 500 bacterial colonies per milliliter.  
• Long Term Enhanced Surface Water Treatment (Effective Date: January 14, 2005): Surface water systems or (GWUDI) systems serving 

fewer than 10,000 people must comply with the applicable Long Term 1 Enhanced Surface Water Treatment Rule provisions (e.g., 
turbidity standards, individual filter monitoring, Cryptosporidium removal requirements, updated watershed control requirements for 
unfiltered systems).  

• Filter Backwash Recycling: The Filter Backwash Recycling Rule requires systems that recycle to return specific recycle flows through all 
processes of the system's existing conventional or direct filtration system or at an alternate location approved by the state. 

• **More than 5.0% samples total coliform-positive in a month. (For water systems that collect fewer than 40 routine samples per month, 
no more than one sample can be total coliform-positive per month.) Every sample that has total coliform must be analyzed for either 
fecal coliforms or E. coli if two consecutive TC-positive samples, and one is also positive for E.coli fecal coliforms, system has an acute 
MCL violation. 
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Table 2. EPA national primary drinking water standards for disinfectants. 

Contaminant Maximum Contaminant Level Goal (mg/L) Maximum Contaminant Level (mg/L) 
Chloramines (as Cl2) MRDLG=4* MRDL=4.0** 

Chlorine (as Cl2) MRDLG=4* MRDL=4.0** 
Chlorine dioxide (as ClO2) MRDLG=0.8* MRDL=0.8** 

*Maximum Residual Disinfectant Level Goal (MRDLG) - The level of a drinking water disinfectant below which there is no known or expected 
risk to health. MRDLGs do not reflect the benefits of the use of disinfectants to control microbial contaminants. 
*Maximum Residual Disinfectant Level (MRDL) - The highest level of a disinfectant allowed in drinking water. There is convincing evidence 
that addition of a disinfectant is necessary for control of microbial contaminants. 

Table 3. EPA national primary drinking water standards for disinfection byproducts. 

Contaminant 
Maximum Contaminant Level Goal 

(mg/L) 

Maximum 
Contaminant Level 

(mg/L) 
Chlorite 0.8 1.0 
Haloacetic acids (HAA5) n/a* 0.060 
Total Trihalomethanes (TTHMs) n/a* .08 

*Although there is no collective MCLG for this contaminant group, there are individual MCLGs for some of the individual contaminants: 
• Trihalomethanes: bromodichloromethane (zero); bromoform (zero); dibromochloromethane (0.06 mg/L). Chloroform is regulated with this 

group but has no MCLG.  
• Haloacetic acids: dichloroacetic acid (zero); trichloroacetic acid (0.3 mg/L). Monochloroacetic acid, bromoacetic acid, and dibromoacetic 

acid are regulated with this group but have no MCLGs.  

Table 4. EPA national primary drinking water standards for inorganic chemicals. 

Contaminant Max. Contaminant Level Goal (mg/L) Max. Contaminant Level (mg/L) 
Antimony 0.006 0.006 
Arsenic 0* 0.010 (as of 01/23/06) 
Asbestos 
(fiber >10 micrometers) 

7 million fibers per liter 7 million fibers per liter 

Barium 2 2 
Beryllium 0.004 0.004 
Cadmium 0.005 0.005 
Chromium (total) 0.1 0.1 
Copper 1.3  Action Level=1.3** 
Cyanide (as free cyanide) 0.2 0.2 
Fluoride 4.0 4.0 
Lead zero  Action Level=1.3** 
Mercury (inorganic) 0.002 0.002 
Nitrate (measured as Nitrogen) 10 10 
Nitrite (measured as Nitrogen) 1 1 
Selenium 0.05 0.05 
Thallium 0.0005 0.002 

*MCLGs were not established before the 1986 Amendments to the Safe Drinking Water Act. Therefore, there is no MCLG for this 
contaminant. 

**Lead and copper are regulated by a Treatment Technique that requires systems to control the corrosiveness of their water. If more than 
10% of tap water samples exceed the action level, water systems must take additional steps. For copper, the action level is 1.3 mg/L, and 
for lead is 0.015 mg/L. 
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Table 5. EPA national primary drinking water standards for organic chemicals. 

Contaminant Max. Contaminant Level Goal (mg/L) Max. Contaminant Level (mg/L) 
Acrylamide zero Treatment Technology* 
Alachlor zero 0.002 
Atrazine 0.003 0.003 
Benzene zero 0.005 
Benzo(a)pyrene (PAHs) zero 0.0002 
Carbofuran 0.04 0.04 
Carbon 
tetrachloride 

zero 0.005 

Chlordane zero 0.002 
Chlorobenzene 0.1 0.1 
2,4-D 0.07 0.07 
Dalapon 0.2 0.2 
1,2-Dibromo-3-chloropropane (DBCP) zero 0.0002 
o-Dichlorobenzene 0.6 0.6 
p-Dichlorobenzene 0.075 0.075 
1,2-Dichloroethane zero 0.005 
1,1-Dichloroethylene 0.007 0.007 
cis-1,2-Dichloroethylene 0.07 0.07 
trans-1,2-Dichloroethylene 0.1 0.1 
Dichloromethane zero 0.005 
1,2-Dichloropropane zero 0.005 
Di(2-ethylhexyl) adipate 0.4 0.4 
Di(2-ethylhexyl) phthalate zero 0.006 
Dinoseb 0.007 0.007 
Dioxin (2,3,7,8-TCDD) zero 0.00000003 
Diquat 0.02 0.02 
Endothall 0.1 0.1 
Endrin 0.002 0.002 
Epichlorohydrin zero Treatment Technology* 
Ethylbenzene 0.7 0.7 
Ethylene dibromide zero 0.00005 
Glyphosate 0.7 0.7 
Heptachlor zero 0.0004 
Heptachlor epoxide zero 0.0002 
Hexachlorobenzene zero 0.001 
Hexachlorocyclopentadiene 0.05 0.05 
Lindane 0.0002 0.0002 
Methoxychlor 0.04 0.04 
Oxamyl (Vydate) 0.2 0.2 
Polychlorinated 
biphenyls (PCBs) 

zero 0.0005 

Pentachlorophenol zero 0.001 
Picloram 0.5 0.5 
Simazine 0.004 0.004 
Styrene 0.1 0.1 
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Contaminant Max. Contaminant Level Goal (mg/L) Max. Contaminant Level (mg/L) 
Tetrachloroethylene zero 0.005 
Toluene 1 1 
Toxaphene zero 0.003 
2,4,5-TP (Silvex) 0.05 0.05 
1,2,4-Trichlorobenzene 0.07 0.07 
1,1,1-Trichloroethane 0.20 0.2 
1,1,2-Trichloroethane 0.003 0.005 
Trichloroethylene zero 0.005 
Vinyl chloride zero 0.002 
Xylenes (total) 10 10 

*Each water system must certify, in writing, to the state (using third-party or manufacturer's certification) that when acrylamide and 
epichlorohydrin are used in drinking water systems, the combination (or product) of dose and monomer level does not exceed the levels 
specified, as follows: 
• Acrylamide = 0.05% dosed at 1 mg/L (or equivalent). 
• Epichlorohydrin = 0.01% dosed at 20 mg/L (or equivalent). 

Table 6. EPA national primary drinking water standards for radionuclides. 

Contaminant Max. Contaminant Level Goal Max. Contaminant Level 
Alpha particles zero 15 picocuries per Liter (pCi/L) 
Beta particles and photon emitters zero 4 millirems per year 
Radium 226 and Radium 228 (combined) zero 5 pCi/L 
Tritium zero 20,000 pCi/L 
Uranium zero 30 ug/L (as of 12/08/03) 

Storm water monitoring 

Under the National Pollutant Discharge Elimination System (NPDES) regulations, all facilities 
which discharge pollutants from any point source into waters of the United States (US) are required to 
obtain a permit. The NPDES storm water regulations cover the following classes of storm water 
dischargers: operators of municipal separate storm sewer systems (MS4s); industrial facilities in any of 
eleven identified categories that discharge to an MS4 or to a water of the US; and operators of certain 
construction activities. Storm water regulations are implemented by the EPA or authorized states. 

NPDES permits may be issued as individual or general permits. In either case, NPDES permits 
generally require the development of a storm water pollution prevention plan, implementation of best 
management practices, and monitoring and reporting of storm water discharge data. Most industrial 
facilities elect coverage under a general permit because the permitting process is designed to be more 
efficient.  

EPA has developed a multi-sector general permit (MSGP) for storm water dischargers, providing 
both general requirements and sector-specific requirements. The specific requirements apply to each of 
30 industrial sectors and their associated subsectors. The current MSGP was published in the Federal 
Register on October 30, 2000 [ 8]. Authorized states may use alternative permits and/or may impose 
additional requirements. 

Three types of monitoring may be required under the MSGP: visual examination, analytical 
monitoring, and compliance monitoring. Visual examinations are intended to provide a simple, 
inexpensive evaluation of storm water quality. Analytical monitoring is required for only specified 
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subsectors, those which EPA has determined have a high potential to discharge a pollutant at 
concentrations of concern. For each of the identified subsectors, EPA has defined the parameters to be 
monitored and has established benchmark concentrations for each parameter. Analytical monitoring is 
required on a quarterly basis in year two of the permit; if these results exceed a benchmark value, a 
second round of analytical monitoring is required in year. Any time a benchmark concentration is 
exceeded, the facility must review their storm water pollution prevention plan to reduce pollutant 
loads. 

Compliance monitoring is performed on an annual basis for certain storm water discharges subject 
to effluent guidelines. Some EPA regions require quarterly monitoring. The applicability of 
compliance monitoring is limited to the following discharges: landfill discharges; coal pile runoff; 
contaminated runoff from phosphate fertilizer manufacturing facilities; runoff from asphalt paving and 
roofing emulsion production areas; material storage pile runoff from cement manufacturing facilities; 
and mine dewatering discharges from crushed stone, construction sand and gravel, and industrial sand 
mines.  

The MSGP analytical and compliance monitoring requirements are limited to discrete sampling 
events at specified intervals. Grab sampling is required. Authorized states may impose more extensive 
monitoring requirements. 

National pretreatment program monitoring 

Under the NPDES permitting program, EPA established the National Pretreatment Program to 
address “indirect discharges” into waters of the United States. Indirect discharges are discharges from 
industrial facilities to publicly owned treatment works (POTWs). The National Pretreatment Program 
requires dischargers to treat or control pollutants in their wastewater prior to discharge to the POTW. 
(The POTW is required to obtain an NPDES permit as a direct discharger.) 

Under the General Pretreatment Regulations [ 9], all large POTWs, and some smaller POTWs with 
significant industrial discharges, must establish local pretreatment programs. The local pretreatment 
programs impose national pretreatment standards and requirements, as well as any more stringent local 
requirements. 

EPA has established two general requirements for industrial dischargers prohibiting “interference” 
and “pass through.” These requirements are designed to prevent damage to the treatment works and 
environmental harm downstream. In addition, EPA controls the discharge of 126 “priority pollutants,” 
including metals and toxic organics. 

Categorical pretreatment standards limit the discharge of specific pollutants; they are national 
standards for indirect dischargers in specific industrial categories. These standards are further 
categorized into pretreatment standards for existing sources (PSES) and pretreatment standards for 
new sources (PSNS). Currently, 32 industrial categories are subject to pretreatment standards. The 
standards may be expressed as concentration-based or mass-based, or both, depending upon the 
operational characteristics of the industry. Significant industrial users (SIUs) are required to monitor, 
at a minimum, on a semi-annual basis. Confirmatory sampling by the regulatory authority is required 
annually. Depending upon factors such as effluent variability, effluent impacts, and compliance 
history, the SIU may be required to sample more frequently. 
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Table 7. Pretreatment standards for manufacturers of organic chemicals, plastics, and synthetic fibers 
[ 10]. 

 
The type of industry regulated under the pretreatment program is wide-ranging, including grain 

mills, feedlots, electroplating facilities, iron and steel manufacturers, and fertilizer manufacturers. For 
many industries, the monitoring required is limited to several effluent characteristics, such as 
biological effluent demand, total suspended solids, and pH. For other industries monitoring of a select 
set of priority pollutants, such as a specified subset of metals, is required. In a few instances, 
monitoring of all priority pollutants is required. Pretreatment standards for indirect discharges from 
manufacturers of organic chemicals, plastics, and synthetic fibers are provided in Table 7. 
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Ambient air quality 

A number of substances are identified as hazardous air pollutants (now termed “toxic air pollutants” 
by EPA) under the Clean Air Act and are regulated under the National Emission Standards for 
Hazardous Air Pollutants program. The American Conference of Governmental Industrial Hygienists 
(ACGIH) established airborne concentration limits called Threshold Limit Values (TLV) of various 
hazardous air pollutants. The TLVs are believed to represent conditions under which nearly all 
workers could be exposed day after day without adverse health effects. The TLVs are based on 
information from industrial experience and experimental studies on humans and animals. Table 8 lists 
a few hazardous air pollutants (HAP) and the associated ACGIH TLVs. Additional information on 
these compounds can be found from the following web sites: 

• www.epa.gov/ttn/atw/hlthef/benzene.html  
• www.epa.gov/ttn/atw/hlthef/xylenes.html  
• www.epa.gov/ttn/atw/hlthef/tri-ethy.html  

Table 8. Threshold Limit Values for several hazardous air pollutants [ 11]. 

Threshold Limit Value (ppm) 
Hazardous Air 

Pollutant 8-Hour Time Weighted Average 
15-Minute Short-Term 

Exposure Limit 
Benzene 0.5 2.5 

Xylenes 100 150 
Trichloroethylene 50 100 

In 1998, the City of Albuquerque adopted a policy for regulating emissions from industries. An 
analysis for each relevant HAP at a site is performed to determine if the emissions from the stack 
result in an exceedance of the ACGIH TLV for any of the relevant substances. If the ACGIH TLV at 
the stack is exceeded, the concentration of that substance must be analyzed at the “fence line” (i.e., 
property boundary). The concentration at the fence line should not exceed 1/100th the ACGIH TLV. 
For any HAP that has uncontrolled emissions which result in an exceedance of the ACGIH TLV at the 
stack and 1/100th of the ACGIH TLV at the fence line, air-pollution controls will be required to reduce 
the concentrations to 1/100th the TLV at the fence line. An air quality permit will also be required to 
ensure proper operation of the control equipment. 

Additional air quality standards have been compiled from 20.11.1 NMAC - Title 20, Environmental 
Protection - Chapter 11, Albuquerque/Bernalillo county Air Quality Control Board - Part 1 General 
Provisions (see Table 9). 
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Table 9. Enforceable standards for various air pollutants. 

Pollutant Goals Enforceable Standards 
 Albuquerque New Mexico State Federal Primary Federal Secondary 

Carbon Monoxide (CO) 
8-hour average --- 8.7 ppm 9.0 ppm 9.0 ppm 
1-hour average 13 ppm 13.1 ppm 35 ppm 35 ppm 

Nitrogen Dioxide (NO2) 
24-hour average .062 ppm 10 ppm --- --- 

Annual arithmetic mean .053 ppm .05 ppm .053ppm .053 ppm 

Ozone (O3) 
1-hour average .120 ppm --- .120 ppm .120 ppm 

Sulfur Dioxide (SO2) 
24-hour average .10 ppm .10 ppm --- .140 ppm 
3-hour average --- --- --- .5 ppm 

Annual arithmetic mean .004 ppm .02 ppm .03 ppm --- 

Particulate Matter (PM10) 
24-hour average 150 µg/m3 --- 150 µg/m3 --- 

Annual arithmetic mean --- --- --- 50 µg/m3 

Lead (Pb) 
Quarterly arithmetic mean 1.5 µg/m3 --- 1.5 µg/m3 1.5 µg/m3 

Hydrogen Sulfide 
1-hour average .003 ppm .010 ppm --- --- 

Total Reduced Sulfur 
½ hour average --- .003 ppm --- --- 
1-hour average .003 ppm --- --- --- 

Particulate Matter (TSP) 
24-hour average 150 µg/m3 150 µg/m3 --- --- 

7-day average --- 110 µg/m3 --- --- 

30-day average --- 90 µg/m3 --- --- 

Annual geometric mean 60 µg/m3 60 µg/m3 --- --- 

Sensor technologies for environmental monitoring 

The purpose of this section is to identify and describe sensor technologies (with an emphasis on 
Sandia-developed technologies) that may be applicable to monitoring various contaminants described 
in the previous sections. The technologies are organized according to analyte, which include trace 
metals, radioisotopes, volatile organic compounds, and biological pathogens. The sensor technologies 
are described briefly, and then tables summarizing features and specifications (e.g., sensitivity, size, 
speed, etc.) of each sensor technology are presented in Table 10 through Table 13 in the section 
"Summary and specifications of sensor technologies". 
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Trace metal sensors 

-Nanoelectrode array 

Nanoelectrode arrays have been fabricated to identify and quantify dissolved metals [ 12- 13]. 
Signals from the electrodes are obtained by monitoring current and voltage during application of an 
electrical potential. Approximately 1 million individual electrodes can be placed on a 1 square inch 
substrate using electron-beam lithography or chemical vapor deposition. The sensing electrodes are 
integrated with the reference electrode, eliminating the need for buffers and permitting non-
contaminating sensing in ultra-pure water. The small electrode size coupled with a very high density 
produces a signal with up to 103 times better signal-to-noise ratio than standard electrodes. Using 
multiple electrodes, coatings, and electrochemical techniques, target analytes can include toxic 
industrial chemicals and metals, such as trichloroethylene, methyl-t-butyl ether, arsenic, lead, and 
chromium. 

-Laser-induced breakdown spectroscopy (LIBS) 

As its name implies, LIBS uses a laser to rapidly heat a very small area (usually solid or liquid), 
generating a plasma from the atomic constituents present at the focal point. Radiative relaxation of the 
plasma is then observed using sensitive spectroscopic instrumentation (see Figure 1). LIBS is also 
known as Laser Spark Spectroscopy (LASS). 

 

Figure 1. Stand-off LIBS probe head. Laser ablation energy and spectroscopic collection occurs 
through fiber optics.  

LIBS can be used for rapid analysis of hazardous metals and other inorganic contaminants in water, 
soil, and mixed waste sites [ 14- 15]. It can be used to detect almost all elements, though certain metals 
exhibit orders of magnitude greater emission. Detection limits are a function of each specific metal, 
and the spectroscopic and detector hardware. Low ppb levels are typical. Contaminants targeted in 
Sandia projects include As, Be, Hg, Se, Pb, Cd, Cu, Zn, Ag, Cr, Fe, and Mn. Recently, a LIBS system 
was set up for measuring metal emissions in the waste streams of a thermal treatment facility [ 16]. 
Currently, a field deployable LIBS system is configured at Sandia-Livermore employing an image 
intensified CCD array, which provides sufficient signal intensity for single laser pulse LIBS. Delivery 
of the laser light to remote location via a fiber-optic cable has been performed. Spectral emission 
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likewise can be readily be transported over hundreds of feet for analysis [ 15]. LIBS can be extended to 
biodetection by looking for rapid, temporal increases in the presence and/or ratios of Ca, Na, K. 

-Miniature chemical flow probe sensor 

The miniature chemical flow-probe sensor can detect metals, especially copper. See “Miniature 
chemical flow probe sensor” below for details (page 19). 

Radioisotope sensors 

RadFET (Radiation field-effect transistor) 

The RadFET concept for measuring gamma radiation dose has been around for many years. It is 
based on ionizing radiation permanently promoting high mobility electrons into low mobility holes. 
This creates an irreversible shift in the FET’s threshold voltage. Sandia has microfabricated miniature 
RadFETs [ 17]. Sensitivities depend in part upon fabrication structure, and range from 0.01 to 5 mV per 
rad. An energy spectrometer can be made by fabricating filters of varying threshold energies on 
RadFET arrays (Figure 2). With consideration of threshold barriers, RadFETs are universal ionizing 
radiation detectors. The sensitivity of RadFETs increases with application of increasing bias voltage. 
However Sandia has fabricated designs that are moderately sensitive with no voltage source.  

 

Figure 2. The 1 mm2 RadFET element fits on a standard TO-18 package header. Over 5000 RadFETs 
can be microfabricated on a single 4 inch wafer. 

Cadmium zinc telluride (CZT) detectors 

CZTs are semiconductor gamma and neutron radiation detectors, producing current flow under the 
influence of a gate voltage, upon exposure to high energy radiation. They can be fabricated in arrays to 
perform imaging or spectroscopy [ 18] (see Figure 3). While these are promising and sensitive sensors, 
their performance, and thus calibration, degrades with cumulative exposure. Long term performance is 
hard to track, as damage may be progressive with radiation energy levels [ 19]. Sandia performed 
experiments to improve the fabrication process for industry (see also Figure 3). Commercial sensors 
and spectrometers are available from EV Products or AmpTek. 
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Figure 3. The 1 cm2 CZT array sits on a dip package on a circuit board for a handheld gamma 
radiation spectrometer. 

-Low-energy pin diodes beta spectrometer 

A handheld low-energy beta spectrometer was assembled at Sandia for detecting tritium 
contamination using commercially available pin photodiodes from Hamamatsu [ 20]. The system works 
by measuring current pulses generated in the diode when beta particles strike. Electronic circuits 
convert each signal to a voltage pulse whose amplitude is proportional to the energy of the particle.  

-Thermoluminescent dosimeter (TLD) 

A thermoluminescent dosimeter is a crystal that absorbs energy from radiological exposure, semi-
permanently promoting electrons into semiconductor holes. Upon heating the crystal, the trapped 
energy is released in the form of light. A TLD reader uses a photodetector to convert the signal into a 
radiation dose reading. Commonly used crystals are calcium fluoride-manganese and lithium fluoride. 
Sandia has fabricated TLDs with crystals implanted in Teflon to improve sensitivity [ 21- 22]. Thin 
crystals can be used to measure low energy radiation, while thick crystals measure total exposure. 
Filters and different crystal types can also be used for energy discrimination.  

-Isotope identification gamma detector 

An isotope identification gamma detector was developed in conjunction with the Defense Threat 
Reduction Agency, Northrup Grumman, Applied Research Associates, and DOE/NNSA laboratories. 
This was designed as a portal instrument to find and identify unconventionally transported nuclear 
weapons and radiological dispersal devices.  

-Neutron generator for nuclear material detection 

A small neutron generator is being developed for use in probing for the presence of nearby nuclear 
materials [ 23]. The meter-tall instrument interrogates nuclear material by "pinging" it with neutrons to 
incite the release of secondary particles. These particles, which are indicative of their atomic source, 
are then detected. The smaller prototype will be tested soon. 

-Non-sandia radiation detectors 

Commonly used gamma radiation detectors include high purity germanium (require liquid 
nitrogen), and scintillation crystals such as thallium-doped sodium iodide (low energy resolution). 
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Geiger counters were one of the first radiation detectors available, and the first to provide quantitative 
measurements of radiation. They use very simple electronics and cover a wide radiation range, but 
they are bulky compared to some of the sensors described above. 

Commercial options: Radiation Experiments and Monitors (REM) makes a commercial radiation 
FET sensor with a sensitivity of –10 mV/rad when biased to +20V. TLDs can be purchased from 
Teledyne Isotopes. CZT detectors can be purchased from Mitsubishi Electric and Communication 
Electronics, Inc. (Ann Arbor, MI). Geiger counters can be purchased from Mineralab (Prescott, AZ). 

Volatile organic compound sensors 

-Evanescent fiber-optic chemical sensor  

An evanescent wave is the energy that penetrates a dielectric interface when electromagnetic 
radiation undergoes total internal reflection. This wave can interact with matter within the penetration 
depth. By using specialized coatings as the fiber-optic cladding, chemical species can be preferentially 
concentrated from a matrix into the evanescent interaction zone. Polymer optical wave guides have 
been used for sensing organic compounds in aqueous solutions at low ppm levels [ 24]. pH 
measurements can be made using sol-gel coatings. For sensing applications, near infrared (NIR) 
spectroscopy is used for quantitative measurements. With excellent light transmission in this region, 
sensing can be performed over great distances. However, the spectroscopic signal from mixtures must 
be deconvolved using multivariate analysis. 

-Grating light reflection spectroelectrochemistry 

Grating light reflection spectroscopy (GLRS) is a technique for spectroscopic analysis and sensing. 
A transmission diffraction grating is placed in contact with a liquid sample to be analyzed, and an 
incident light beam is directed onto the grating. At certain angles of incidence, some of the diffracted 
orders are transformed from traveling waves to evanescent waves. This occurs at a specific wavelength 
that is a function of the grating period and the complex index of refraction of the sample. The intensity 
of a diffracted order is also dependent upon the sample’s complex index of refraction. The real part of 
the theoretical equations correspond to the speed of light in the material, and the imaginary part 
corresponds to light absorption. This technique was used at Sandia in combination with 
electrochemical modulation of a gold-coated metallic spectroscopic grating for the detection of trace 
amounts of aromatic hydrocarbons [ 25]. The grating was configured as the working electrode in an 
electrochemical cell containing water plus trace amounts of TNT and a dye. Cyclic electrochemical 
modulation produced lower limits of detection, 50 parts per million and 50 parts per billion, 
respectively. 

-Miniature chemical flow probe sensor 

This down-hole probe is designed to measure organic analytes diffusing through a semi-permeable 
membrane [ 15]. The analytes react with a reagent, forming spectrally distinct products. Absorption 
bands from a flash lamp are then observed with a spectrometer system, using fiber-optics to carry the 
light in both directions. Target analytes can be volatile organic compounds in air or water (particularly 
chlorinated halocarbons), or dissolved metals (copper gives particularly strong response). 
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-SAW chemical sensor arrays  

An acoustic sensor is typically used by measuring a decrease in its active resonant frequency that is 
related to trace mass loading on the active surface (Figure 4). Polymers, sol-gels, and high surface area 
coatings are often applied to enhance mass absorption/adsorption, and to provide a degree of chemical 
class selectivity. Acoustic sensors used at Sandia include flexural plate wave (FPW) sensors, quartz 
crystal microbalances (QCM), and surface acoustic wave (SAW) sensors. By placing coatings of 
various chemical properties on a 6-SAW array, chemical speciation and quantification of vapors have 
been performed [ 26]. In one test the responses of these materials to each of 14 different analytes, 
representing the classes of saturated alkane, aromatic hydrocarbon, chlorinated hydrocarbon, alcohol, 
ketone, organophosphonate, and water, was evaluated. The results revealed a qualitative "chemical 
orthogonality" of the films useful for pattern recognition analysis. SAWs are the most sensitive of the 
above-mentioned acoustic sensors, and a number of technological advances have been made to 
facilitate their use in other chemical systems. Perhaps the most important of these advances is an ASIC 
(application specific integrated circuit) that converts DC power to the required high frequency 
impulse, and a reverse conversion for monitoring the frequency shift as a proportional DC shift [ 27].  

1 mm1 mm

 

Figure 4. Four SAW sensor elements aligned vertically on an application specific integrated circuit. 
One delay line is left uncoated to compare frequency shifts of the other polymer or sol-gel coated 
lines. 

-MicroChemLab (gas phase) 

The gas phase MicroChemLab is a miniature gas chromatography (GC) system originally designed 
for chemical warfare agent detection for national security needs. Due to the high versatility of GC it 
has widespread utility. The MicroChemLab can likewise be configured for a variety of applications, 
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including quantification of organic compounds from natural gas to explosives to derivatized biological 
fatty acids. The main components typically consist of a microfabricated hotplate preconcentrator (PC), 
a micromachined silicon gas chromatography column (µGC), and a surface acoustic wave (SAW) 
sensor array [ 28]. The PC uses absorbent sol-gels, polymers, or a high surface area adsorbent solid 
phase. The low heat capacity membrane is then heated to hundreds of degrees in milliseconds to 
desorb collected analyte. This serves as the injection mechanism for the µGC. The µGC separates the 
injected chemicals in elution time through differing retention capacities with the polymer coated wall 
or solid packing materials. The chemicals are then detected in order by the SAW sensor. 

To address the different nature of the various applications, several variations in components exist. 
For highly volatile compounds (methane, carbon dioxide) an injection loop is commonly used. A 
Sandia microfabricated version does not yet exist. A variety of sensors are also in various stages of 
development, each with advantages and disadvantages. These include a thermal conductivity detector, 
micro-pellistor array, gold nanowire sensor, and a nitrogen-phosphorous detector. 

-Gold nanoparticle chemiresistors 

Gold nanoparticle chemiresistors rely on the general ohmic sensing principles behind other 
chemiresistors with a few differences. In this sensor, the gold nanoparticles are electrically connected 
through conductive polymer linkages. While the conduction system is structurally bound in a second, 
nonconductive polymer, polymer swell minimally affects the resistive measurement. A more stable, 
reproducible, and sensitive signal is obtained from the direct interaction of analytes with the 
polarizable polymer links. Thus, films can be significantly thinner and detect lesser concentrations. To 
date, the sensors have measured pH and other ion concentrations in liquids (personal communication, 
D. Wheeler, Sandia National Laboratories, April 1, 2004). Outside researchers have primarily focused 
on gas phase VOCs, which is the next target of the Sandia sensor. 

-Electrical impedance of tethered lipid bilayers on planar electrodes 

This sensor consists of a very thin layer of lipid bilayers. VOCs adsorbing or absorbing into the 
layer changes ion mobility in the structure. This may offer orders of magnitude increase in sensitivity 
over existing polyelectrolyte coated capacitive chemiresistors. The large increase in sensitivity arises 
from molecular recognition elements, like antibodies that bind the analyte molecules.  

-MicroHound 

The MicroHound is a complete analytical system consisting of a chemical preconcentration system 
and a miniature Ion Mobility Spectrometer (IMS) [ 29]. Designed primarily for explosives, it can be 
modified for detecting semi-volatile organic compounds in air. The preconcentration system draws 
large volumes of air through a mesh screen that selectively adsorbs explosives. The screen is then 
rapidly heated to desorb the chemicals as a pulse into the inlet of the IMS. The IMS ionizes chemicals 
at the time-gated entrance of a drift tube. The ions are electrostatically driven against a counter-
flowing inert gas to a sensing electrode. Ions are separated from each other in the drift tube according 
to size, with smaller chemicals arriving first. Identification and quantification are determined by drift 
time and peak size, respectively. 
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-Hyperspectral imaging 

Multiple infrared images of the same location (microscopic or macroscopic) are obtained using 
different filters. Thus, a color spectrum of each pixel is obtained. These multidimensional images can 
be processed for quantitative species mapping [ 30]. This is a stand-off method and could be used from 
a UAV or satellite for surface soil monitoring. These methods have also been used for biological and 
biomedical applications [ 31]. 

-Chemiresistor array 

The chemiresistor sensor is a chemically sensitive resistor comprised of a conductive polymer film 
deposited on a micro-fabricated circuit [ 32]. The chemically-sensitive insulating polymer is dissolved 
in a solvent and mixed with conductive carbon particles. The resulting ink is then deposited and dried 
onto thin-film, parallel, non-intersecting platinum traces on a solid substrate (chip). When chemical 
vapors come into contact with the polymers, the chemicals absorb into the polymers, causing them to 
swell. The swelling changes the physical conformation of the conductive particles in the polymer film, 
thereby changing the electrical resistance across the platinum-trace electrodes, which can be measured 
and recorded using a data logger or an ohmmeter. The swelling is reversible if the chemical vapors are 
removed, but some hysteresis can occur at high concentration exposures. The amount of swelling 
corresponds to the concentration of the chemical vapor in contact with the chemiresistor, so these 
devices can be calibrated by exposing the chemiresistors to known concentrations of target analytes. 

The architecture of the microsensor integrates an array of chemiresistors with a temperature sensor 
and heating elements [ 33]. The chemiresistor array has been shown to detect a variety of VOCs 
including aromatic hydrocarbons (e.g., benzene), chlorinated solvents (e.g., trichloroethylene (TCE), 
carbon tetrachloride), aliphatic hydrocarbons (e.g., hexane, iso-octane), alcohols, and ketones (e.g., 
acetone). The on-board temperature sensor comprised of a thin-film platinum trace can be used to not 
only monitor the in-situ temperature, but it can also be used in a temperature control system. A 
feedback control system between the temperature sensor and on-board heating elements can allow the 
chemiresistors to be maintained at a fairly constant temperature, which can aid in the processing of 
data when comparing the responses to calibrated training sets. In addition, the chemiresistors can be 
maintained at a temperature above the ambient to prevent condensation of water, which may be 
detrimental to the wires and surfaces of the chemiresistor.  

A robust package has been designed and fabricated to house the chemiresistor array [ 34]. This 
cylindrical package is small (~ 3 cm diameter) and is constructed of rugged, chemically-resistant 
material. Early designs have used PEEK (PolyEtherEtherKetone), a semi-crystalline, thermoplastic 
with excellent resistance to chemicals and fatigue. Newer package designs have been fabricated from 
stainless steel (Figure 5). The package design is modular and can be easily taken apart (unscrewed like 
a flashlight) to replace the chemiresistor sensor if desired. Fitted with Viton O-rings, the package is 
completely waterproof, but gas is allowed to diffuse through a GORE-TEX® membrane that covers a 
small window to the sensor. Like clothing made of GORE-TEX®, the membrane prevents liquid water 
from passing through it, but the membrane “breathes,” allowing vapors to diffuse through. Even in 
water, dissolved VOCs can partition across the membrane into the gas-phase headspace next to the 
chemiresistors to allow detection of aqueous-phase contaminants. The aqueous concentrations can be 
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determined from the measured gas-phase concentrations using Henry’s Law. Mechanical protection is 
also provided via a perforated metal plate that covers the chemiresistors. The chemiresistors are 
situated on a 16-pin dual-in-line package that is connected to a weatherproof cable, which can be of 
any length because of the DC-resistance measurement. The cable can be connected to a hand-held 
multimeter for manual single-channel readings, or it can be connected to a multi-channel data logger 
for long-term, remote operation. 

  

 

Figure 5. Stainless-steel waterproof package that houses the chemiresistor array. Left: GORE-TEX® 
membrane covers a small window over the chemiresistors. Right: Disassembled package exposing the 
16-pin dual-in-line package and chemiresistor chip. 

Biological sensors 

-Fatty acid methyl esters (FAME) analyzer 

This method uses microhotplates and micro-chromatography columns (µGC) from the 
MicroChemLab to analyze whole biological cells [ 35]. A liquid sample is placed on the hotplate along 
with a methylating agent. When the hotplate is thermally ramped (to 500°C in tens of milliseconds) the 
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cells are lysed with proteins in the lipid bilayer forming semi-volatile FAMEs. This also served as the 
injection mechanism into a µGC, where the FAMEs were separated for identification and 
quantification. The ratios of the FAMEs can be used to distinguish bacteria at the gram-type, genera, 
and even species level with high-resolution instrumentation. Sandia work aimed at miniaturizing half-
million dollar bench scale instrumentation down to a handheld, battery-powered instrument with 
minimal sample preparation. Target analytes include biological warfare agents, food contaminants, and 
other toxic pathogens.  

-iDEP (insulator-based dielectrophoresis) 

This technique uses an electric field applied across a microfabricated array of insulating posts [ 36]. 
The polypropylene device selectively preconcentrates particles based on their polarizability and size 
(Figure 6). It can be used to preconcentrate proteins for analysis in the liquid MicroChemLab or other 
systems for fingerprint identification of pathogens.  

 

Figure 6. Electric field gradients created between microfabricated posts separate fluorescently tagged 
live and dead E. coli while dielectrophoretically concentrating them in zones. 

-Bio-SAW sensor 

Acoustic sensors are typically used by measuring a decrease in their resonant frequency that is 
related to mass loading. Biological detection can be performed by applying specific antibody coatings 
to the active surface of the acoustic device (Figure 7). Anthrax spores can be detected in a few 
minutes, and other biological threats can be detected using other antibody coatings [ 37]. An array of 
sensors with different coatings would provide increased versatility. 

-µProLab 

This LDRD Grand Challenge system is being designed for preconcentration and analysis of 
proteins and peptides using MIMS (molecular integrated microsystems) [ 38]. This architecture will 
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take the advantages inherent in system miniaturization to a higher level of performance. At the same 
time, simplicity of production is sought. Successes to date include cast-in-place fluidic structures and 
coatings, and the ability to preconcentrate protein and peptide signatures 1000 fold using 
programmable switchable polymers and electrokinetic trapping. 

-MicroChemLab (Liquid) 

The liquid MicroChemLab is the counterpart to the gas-phase MicroChemLab above [ 39]. It is a 
hand-portable, low-power instrument designed to detect a broad range of chemical and biological 
agents in less than five minutes. The detector uses capillary electrophoresis with three analysis trains: 
1) DNA analysis to identify bacteria and viruses, 2) immunoassays to identify bacteria, viruses, toxins, 
and 3) protein signatures to identify toxins. Fluid handling is contained to micromachined channels on 
a single board, and driven by high voltage, but low power, electrokinetic forces. Sample 
preconcentration and injections occur through manipulation of the electrophoretic fields without the 
use of valves. Fluorescent detection occurs using a diode laser. The system has been designed to have 
manufacturable, replaceable modules with simplicity for a non-technical end-user. 

 

Figure 7. A miniaturized biosensor is shown consisting of a shear horizontal surface acoustic wave 
sensor coated with a molecular recognition layer. Highly specific coatings are used for biological 
warfare agent detection and medical diagnostics. 
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Summary and specifications of sensor technologies 

The following tables (Tab. 10 to Tab 13) summarize specifications for the sensor technologies 
described in the previous sections. In many cases, rigorous specifications are not available because of 
limited studies. In these cases, estimates are provided based on the judgment of the principal 
investigators. 

Table 10. Summary of specifications for trace metal sensors. 

Specifications Sensor 
Technology Sensitivity Selectivity Stability Speed Size Power User 
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The advancement of the LIBS technology would be focused on developing a continuous LIBS 
sensor for water-monitoring applications. Ideally, the sensor would be able to simultaneously detect 
the nine RCRA metals plus arsenic at low ppb levels. The development of holographic diffraction 
gratings would increase the speed and efficiency of the LIBS ability to simultaneously detect these 
trace metals. 

For the CZT sensors, a low-level effort is needed to adapt these sensors for water applications. A 
significant challenge will be to detect alpha-emitting contaminants since the radiation is attenuated 
rapidly. A continuous CZT sensor with spectrometry would need to be adapted for aqueous 
environments. 

The MicroChemLab device requires additional development to detect VOCs in aqueous 
environments. Sampling, analysis, and parameter optimization (e.g., polymer selection) for target 
VOCs need to be pursued. With preconcentration, the sensitivity of these devices can be in the ppb 
range, but repeatability and drift are significant issues with MicroChemLab. 

The ion mobility spectrometer implemented in the MicroHound shows promise for detecting semi-
volatile compounds such as pesticides and halogenated contaminants at low concentrations. Sampling 
methods would need to be developed to introduce aqueous samples to the IMS. Separation is based on 
the different “drift” times of the different ions through the IMS tube, but additional separation could be 
obtained by adding a chromatography column at the inlet. A great deal of research invested in the 
MicroHound project can be leveraged for applications in water monitoring and ambient-air monitoring 
(e.g., new materials and designs for the IMS drift tube). 

The Bio-Saw sensor, and other continuous, real-time biological sensors, still require significant 
research and development before they can be applied to environmental monitoring applications. Bio-
assay test kits are available that can provide detection of biological agents, but these require manual 
operation and interfacing. 

Of the sensors identified in Table 16, we believe that LIBS (for trace metals) and ion-mobility 
spectrometry (for semi-volatiles) show the most promise in terms of capabilities, adaptability, and 
potential impact. Both have the capability to detect concentrations at or below regulatory levels, and 
the ability to detect trace metals and semi-volatiles is needed in a number of environmental 
applications ranging from drinking-water to ambient-air monitoring. 

A primary consideration that still remains to be addressed is the performance of these sensors in 
each of the field applications. Features such as sensitivity, stability, selectivity, speed, size, and cost 
need to be tested and evaluated under actual operating conditions. Harsh and fluctuating environmental 
conditions can degrade the performance of many of these sensors. Nevertheless, a market analysis 
presented in the beginning of this report indicates that a wide-ranging (and commercially viable) need 
can be filled by the successful development and application of these sensors to environmental 
monitoring applications. The sensor technologies identified in Table 15 and Table 16 appear to be the 
strongest candidates that can be further developed and adapted to address these needs. 
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Abstract: The capabilities of a “universal platform” for the deployment of analytical 
sensors in the field for long-term monitoring of environmental contaminants were expanded 
in this investigation. The platform was previously used to monitor trichloroethene in 
monitoring wells and at groundwater treatment systems (1,2). The platform was interfaced 
with chromium (VI) and conductivity analytical systems to monitor shallow wells installed 
adjacent to the Columbia River at the 100-D Area of the Hanford Site, Washington. A 
groundwater plume of hexavalent chromium is discharging into the Columbia River through 
the gravels beds used by spawning salmon. The sampling/analytical platform was deployed 
for the purpose of collecting data on subsurface hexavalent chromium concentrations at 
more frequent intervals than was possible with the previous sampling and analysis methods 
employed a the Site. 

Keywords: field monitoring, hexavalent chromium, colorimetric, automated analysis. 
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Introduction 

The development of platforms to deploy of analytical systems in the field has not kept pace with 
development of the analytical sensors. Researchers that develop new sensors eventually encounter the 
problem of supporting, communicating, calibrating and cleaning sensors deployed in the field. This 
lack of presenting a complete solution to the users slows, inhibits, and is often the “valley of death” for 
the use of sensor technologies. The development of a “universal platform” has greatly decreased the 
time and cost required to deploy analytical sensors for analyzing trace environmental contaminants in 
the field. The platform was designed in a “plug and play” configuration for several types of analytical 
systems including trichloroethene (TCE), carbon tetrachloride, volatile aromatics, hexavalent 
chromium and lead. The platform has previously been used to monitor for trichloroethene TCE, 1 to 
200 ppb concentration range, using a TCE-specific optrode. The trichloroethene monitoring system has 
been used successfully in monitoring TCE treatment systems in Arizona and California [1-2], and in 
monitoring wells at an Air Force Base in California [3]. 

The platform was modified to monitor hexavalent chromium and conductivity from shallow 
groundwater wells (aquifer tubes) adjacent to the Columbia River at the 100-D Area of the Hanford 
Site, Washington [4]. Sodium dichromate, the source of the hexavalent chromium, was formerly used 
at the 100-D Area to control corrosion in the piping of a nuclear reactor. Releases from the piping and 
other discharges resulted in soil and ground water contamination. A groundwater plume of hexavalent 
chromium is discharging through the riverbed and into the Columbia River (Figure 1). Hexavalent 
chromium can be toxic to aquatic organisms; of special concern are the juvenile stages of salmon using 
the riverbed as spawning habitat. 

To evaluate exposure risk for aquatic receptors, hexavalent chromium concentration data are needed 
(a) from a variety of river environment locations, and (b) at a frequency greater than that associated 
with traditional monitoring methods. The best location for monitoring concentrations is near the point 
of discharge to the river. Previous work has demonstrated successful methods for establishing access 
to shallow ground water using sampling ports and tubing that extends to onshore locations. The 
weakness of current monitoring capabilities is the impracticality of obtaining frequent hexavalent 
chromium measurements sufficient to characterize the temporal changes that occur in shallow ground 
water. These changes occur as a consequence of daily, weekly, and seasonal cycles in river discharge, 
which is controlled by upstream dams. A field-deployable, automated hexavalent chromium 
measurement system offered a means to fully characterize the conditions in this sensitive aquatic 
habitat. Key specifications for the system include: (a) practical quantitation limit of at least 5 ppb -- the 
relevant regulatory standard is 10 ppb; (b) ability to make at least hourly measurements; (c) field 
independence for at least two weeks; (d) provision for automated, internal calibration using standards; 
and (e) reasonable cost of operation when compared to the current costs of manual collection of field 
samples for laboratory analysis. 

The Burge platform offered a simple solution to deploy a colorimetric system for the analysis of 
hexavalent chromium using 1,2-diphenylcarbazide. The diphenylcarbazide reagent is used in EPA 
methods for the analysis of hexavalent chromium. It was assumed that the more an analysis conforms 
to EPA protocols, the greater the probability of regulatory acceptance. Therefore, the colorimetric 
analysis was automated and interfaced to the sampling/calibration platform. This paper presents the 
design and preliminary performance data for an automated “universal” system. The automated system 
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is capable of performing automated sampling, analysis and calibration without the requirement of a 
resident operator.  

 

 

Figure 1. Site 100 D – Hanford site, Washington, hexavalent chromium groundwater plume. 

“Universal” sampling/ analytical system 

The system was developed and programmed to perform the following operations: 
Sampling 

Wells, surface water and treatment systems 
Up to four ports: monitoring wells, surface water, etc. 
Wells 2 inches and larger 
Up to four depths in a single well (Multi-Level Sampling) 
Low-flow sampling 
Low energy requirements (solar cells) 

Calibration and quality control 
Creating blank water (for cleaning and calibration) 
Three-point calibration curve 
Standard additions 
Mid-calibration checks 
Spikes and splits 

Analytical 
Accommodating many types of sensors (TCE, Cr(VI), aromatics) 
Operates of two sensor systems simultaneously with temperature and conductivity 
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A diagram of the complete universal platform deployed in the field is illustrated on Figure 2. The 
monitoring system is composed of several modules for sample collection, calibration, analysis, data 
acquisition/control, communication and waste treatment. The entire monitoring system was deployed 
in a field deployment box. The field deployment box is used to mount the solar cell panels and house 
the batteries, air system, and communication module. A 20.25-cm (8-in.) outside diameter (OD) casing 
passed through the bottom of the field deployment box and housed the analytical and calibration 
modules. The bottom of the casing extended approximately 90 cm (3 ft) into the soil. The analytical 
and calibration modules were mounted inside the well casing for temperature control. 

 

Figure 2. Field implementation schematic. 

Two 75-watt photovoltaic cells and a solar controller charged two 90 amp-hour sealed deep charge 
batteries. Compressed air operated many of the functions of the calibration and analytical modules. A 
12-volt, 1/10-hp air compressor with an automatic pressure switch 8 to 10.9 kPa (55 to 75 psi) supplied 
air to a 19 cubic liter (5 cubic ft) tank. Two air regulators provided two levels of air pressure, 0.22 to 
1.45 kPa (1.5 and 10 psi), to the calibration and analytical systems. 

Sampling module 

The water samples were collected from aquifer tubes placed into the banks of the Columbia River 
(Figure 1). Two aquifer tubes (DD-39-1 and DD-39-3) were selected for the investigation. The 
entrance ports of the aquifer tubes (DD-39-1 and DD-39-3) were located 1.7 and 4.5 m below the 
surface of the riverbed. The aquifer tubes were 0.47 cm inner diameter (ID) polymer tubes with 
15.2 cm stainless screens located at the terminal end of the tubes to prevent particles from entering the 
aquifer tubes. The tubes were installed in the cobble beach sediment of the river by advancing a 
temporary casing into the riverbed and inserting the aquifer tubes. The temporary casing was slowly 
withdrawn allowing the gravels to collapse around the aquifer tubes. 
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The distance between the field deployment box and the location of the aquifer tubes entered the 
subsurface was approximately 13 m. Fluorocarbon tubing (0.16 cm ID) was passed through the 0.47 
cm ID aquifer tube from the stainless steel screen located in the subsurface to the field deployment box 
for transporting the sample to the sampling module. The sampling module was composed of four 
three-way sample selection valves and a peristaltic pump and was capable of monitoring up to five 
shallow wells. A monitoring program allowed the user to select the aquifer tube to be sampled by 
activating the corresponding sample selection valve, and the peristaltic pump that then drew in sample 
water into the analytical/calibration unit. Upon completion of a sampling episode, the three-way 
sample selection valve was deactivated, which opened a vent to the atmosphere and cleared the sample 
from the sample tube. This eliminated the contamination of the walls of the sample tube caused by 
prolonged storage of sample water in the tube. 

Analytical / calibration assembly 

The analytical and calibration modules were combined in a cylindrical instrument 19.6 cm (7 3/4 
in.) in diameter and 50.6 cm (20 inch.) high (Figure 3). The instrument was cylindrical in shape to 
allow for installation into the 20.25 cm OD casing located under the field deployment box (Figure 2). 
The analytical module was composed of the analytical cell, reaction cell, and the reagent delivery 
system. The calibration module was composed of several valves, and a hexavalent chromium removal 
(granular ferric hydroxide) and standard bottles. Schematic illustrations of the analytical and 
calibration modules are presented as Figures 3 and 4. 

Analytical module 

The analytical module had two cells: reaction and analytical cells (Figures 3 and 4). The sample 
reaction cell was used to mix the sample water with the colorimetric reagent forming a red solution. 
The resulting colored solution was transferred to the analytical cell for colorimetric measurement of 
the attenuation of a pulsed green light through the red solution. The analytical methodology is 
automated method of standard methods used in analysis of wastewater [5]. 

Analytical cell 

Analytical cells were fabricated from a polycarbonate tube (1.26 cm, 0.5 in. ID) in lengths that 
varied from 1 to 15 cm (Figure 5). The length of the cell was selected based on the hexavalent 
chromium concentration in the water to be monitored. A limit of detection of 0.5 ppb was attained for 
a 15-cm tube. A 4-cm tube with an effective path length of 3 cm was used in this investigation (30 to 
120 ppb concentration range). 
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Figure 3. "Universal platform" with hexavalent 
chromium analytical system. 

Figure 4. Schematic of analytical / calibration 
module. 

The analytical cell had 5/16-24 threads at the terminal ends of the tube and two ports with 10-32 
threads located near the end of the tube. The 10-32 ports were used to introduce and drain the sample 
from the analytical tube. In addition, the 10-32 fittings served as electrodes for a conductivity detector 
for determining when the analytical cell was filled with sample. 

The source and detector of the analytical cells were fabricated from commercially available 
polymer chromatography fittings that connected to the 5/16-24 threads at the ends of the analytical 
tube. The PEEK chromatography fittings (Upchurch Scientific, Oak Harbor, WA) were modified to 
allow a green light emitting diode (source) and a photodetector (detector) to be mounted in the body of 
the fittings. The light emitting diode had a λmax at 550 nm. A length of 400/400 silica fiber optic 
(Polymicro Technologies, Phoenix, AZ) was passed through the commercially available sleeves and 
ferrules to create watertight seals between the source and detector mounted in the fittings, and the 
sample contained in the analytical cell. Electrical cables connected the LED and photodetector to an 
electronic board for pulsing (30 Hz) the source and a lock-in amplifier to amplify and process the 
signal. 
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Figure 5. Analytical cell. 

Reaction cell 

The reaction cell was used to mix the reagent and sample (or standard). The reagent was 250 mg of 
the phenylcarbazide in 500 mL of 0.1 N HCl. The reaction cell was fabricated from 3/4-inch ID 
polycarbonate tube and three conductivity sensors to regulate the addition of the sample water and 
reagent. This investigation used 10 mL of sample water and 2.5 mL of reagent for each analysis. The 
reagent was stored in a 500-mL bottle for dispensing into the reagent chamber. The bottle had 
sufficient reagent to perform over 200 analyses. 

The water sample was delivered to the reaction cell by the peristaltic pump and the reagent was 
delivered by pressurizing (1.5 PSI) the reagent bottle. The sample/reagent solution contained in the 
reaction cell was mixed with a small magnetic stirrer. After the reaction was complete, the reaction cell 
was pressurized (1.5 PSI), transferring solution to the analytical cell for colorimetric analysis. 
The reactivity of the reagent was variable and the hexavalent chromium signal attenuated over time 
because of the reagent stability. Reagent stability was compensated by the ability of the system to 
recalibrate at any time the reagent lost reactivity. 

Calibration module 

The calibration module performed two functions: creation of the blank water and creation of a 
three-step calibration curve. The calibration module had a three-way valve (Valve PB7 on Fig. 3 and 
Fig. 4) to divert sample water directly to the analytical chamber or through the calibration module. 
Sample water diverted directly to the reaction chamber was used for analysis of the sample water. 
Sample water diverted to the calibration module was passed through a filter of granular ferric 
hydroxide to remove the hexavalent chromium from the water (the “blank water”). Blank water was 
used to clean the system and create the three-step calibration curve. The three-step calibration curve 
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was created by injecting a stock chromium standard (2 mg/mL), using a calibration loop (0.3 mL), into 
the reaction cell. The program diluted the injected standard in the reaction cell with blank water to a 
total volume of 10 mL. The three-step calibration curve was constructed by analyzing blank, mid-value 
and high concentration standards. The mid-value standard was created by one injection of a loop 
volume into the reaction cell, and the high standard was created by two injections of a loop volume 
into the reaction cell. For this investigation, a hexavalent standard of 2 µg/mL was used to create a 
three-step calibration curve of 0, 60 and 120 ppb. The hexavalent chromium bottle contained 500 mL 
of stock standard capable of performing over 100 calibration curves. The hexavalent standard has been 
used for over 8 months in the laboratory without any significant decreases in the chromium signal. 

Conductivity detector 

After the first deployment, it was recognized that conductivity was an important parameter to be 
monitored in conjunction with hexavalent chromium. The design of the monitoring system was 
reviewed and it was recognized that a conductivity sensor used in the operation of the monitoring 
system could be adapted as a flow-through conductivity cell to provide conductivity data concerning 
the water being sampled. The design of the conductivity detector is not similar to commercially 
available detectors and was not optimized for highly accurate conductivity measurements. The 
conductivity detector incorporated into the system allowed users to determine whether the water being 
sampled through the aquifer tubes was from ground water or from the Columbia River. The water 
conductivity of the Columbia River is significantly lower than the conductivity of ground water. The 
operating program of the monitoring system was modified to allow the use of the conductivity cell. 
The location of the flow-through conductivity cell with the analytical/calibration assembly is 
illustrated on Figures 3 and 4. The conductivity data were collected beginning with the second 
deployment on August 10, 2004. 

Waste system 

The waste system consisted of two water treatment canisters and a 210 liter (55-gallon) plastic drum 
to store the treated water. Two types of wastewater were produced during the operation of the 
monitoring system. Wastewater I was produced during purging of sample tubes from the entrance of 
the aquifer tubes located in the gravel bed of the river through the analytical/calibration system. 
Wastewater I contained low concentrations (30 to 200 ppb) of hexavalent chromium from the ground 
water. Wastewater I was passed through a canister of granular ferric hydroxide to remove the 
hexavalent chromium from the wastewater before discharge into the 55-gallon drum. Wastewater II 
was produced during analysis of water samples. Wastewater II contained hydrochloric acid with 
reacted and unreacted reagent. Wastewater II was passed through a canister containing marble chips 
and activated carbon to react with the acid and remove the reagent from the wastewater prior to 
discharge into the 55-gallon drum. Each sampling and analysis of a sample produced approximately 50 
mL of water. Assuming the monitoring system can perform 200 analyses before the colorimetric 
reagent must be replenished, approximately 10 liters of wastewater is produced. However the actual 
amount of wastewater contained in the drum, over a field deployment of several months, was 
significantly less than the calculated wastewater produced because of evaporation. 
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Communication system 

Communication between the remote user and the monitoring system was established with a spread 
spectrum frequency hopping radio modem (SRM6000, Data-Linc, Bellevue, Washington). A serial 
cable connected the modem located in the field deployment box to a small PLC (ADR-1000, Ontrack 
Control Systems, Sudbury, Ontario) located on the analytical/calibration unit. The monitoring system 
was controlled by a PC located at a remote location, a trailer was approximately ½ mile from the 
monitoring location. The program on the PC sent commands and received data via the modem from 
the PLC located on the analytical/calibration unit. The modem was capable of operating at distances of 
12 miles. The PC located in the trailer was remotely controlled by users in Tempe, Arizona, using PC 
AnywhereTM. 

Analysis and quality control 

The monitoring system was designed to perform many of the analytical techniques used in fixed 
laboratories. The calibration system created and delivered blank (water), mid-value, and high 
concentration standards to the analytical chamber for analysis. The program allowed spiking of 
samples with the mid-value standard, and collecting duplicate samples. A typical analysis was the 
analysis of a calibration curve, initial blank, samples from the aquifer tube, and a final mid standard to 
ensure the calibration curve was valid during the analysis of the samples. The preparation and analysis 
of the calibration standards, midcals, samples, spikes and duplicates were automated and performed 
each time the user-requested sampling/analytical episode. The ability to calibrate multiple sensors with 
standards in the field eliminated variability between sensors in a multi-system monitoring program. 

Results 

First Deployment, July 19 to July 27, 2004 

The system was first deployed adjacent to the Columbia River on July 19, 2004. The system was 
operated for several days until a problem developed with the analytical cell (leakage). The calibration 
curves and the results of the first deployment are presented on Table 1. The standards used to construct 
the calibrations curves for the first deployment were blank, 600 and 1200 ppb. Two calibration curves 
were used during the first deployment. The first curve was constructed prior to the field deployment 
and was used to generate the sample analysis data of July 19, 2004. The second calibration curve was 
constructed on July 26, 2004 and was used to generate the sample analysis data of July 26, 2004. 
Water samples were collected from two aquifer tubes on July 19, 2004 for laboratory analysis. The 
laboratory result for the sample collected from DD-39-3 was 102 ppb and the sample collected from 
DD-39-1 was 32 ppb. The monitoring system recorded concentrations of 104, 104, 103 and 104 ppb 
for DD-39-3 and 47 and 40 ppb for DD-39-1 on July 21 and July 26, 2004. The large concentration 
range (0, 600, 1200) of the calibration curve was not optimal for the hexavalent chromium 
concentrations (30 to 100 ppb) being monitored in this deployment. 
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Table 1. Sample results for first hanford deployment July 19-July 26, 2004. 

Date Sample Name Time Cr(VI) Conc. ppb 
7/21/04 DD-39-3  104 

 DD-39-3 12:31 104 

 DD-39-1 12:30 47 

 Midcal 13:09 537 

7/26/04 DD-39-3 15:05 103 

 DD-39-1  40 

 DD-39-3  104 

Second Deployment, August 10 to October 29, 2004 

The system was redeployed to the field on August 10, 2004. The monitoring system was modified 
to allow for the collection of conductivity data. The system was operated continuously from August 10 
until the date of the preparation of the paper on October 29, 2004. The operations were suspended 
from August 25 to September 22 because the reagent required replenishment. 

A total of nine calibration curves were generated during this time period (Figure 6). The analytical 
results for the two-aquifer tubes (DD-39-1 and DD-39-3) during this time period are presented on 
Figures 7 and 8. 

 

Figure 6. Cr(VI) calibration curves (0, 60, 120 ppb) 2nd deployment. 



Sensors 2005, 5  
 

48

0

20

40

60

80

100

120

140

160

11
.08
.20
04

18
.08
.20
04

25
.08
.20
04

01
.09
.20
04

08
.09
.20
04

15
.09
.20
04

22
.09
.20
04

29
.09
.20
04

06
.10
.20
04

13
.10
.20
04

20
.10
.20
04

27
.10
.20
04

Date

C
r(

VI
) C

on
c 

pp
b

0

200

400

600

800

1000

1200

1400

C
on

du
ct

iv
ityCr(VI)

Conductivity

 

Figure 7. Hexavalent chromium & conductivity for aquifer tube DD-39-1 August 11-October 29, 
2004. 
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Figure 8. Hexavalent chromium & conductivity for aquifer tube DD-39-3 August 11-October 29, 
2004. 
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There is a very significant difference in the hexavalent chromium concentrations for the monitoring 
of DD-39-3 between the analyses performed prior to August 25, 2004, and analyses collected after 
September 20, 2004. The water level in the Columbia River dropped (2 to 3 feet) during this 
timeframe. 

One of the conductivity sensors of the monitoring system was modified to allow collection of 
conductivity data. The conductivity cell was a flow-through cell. The conductivity data for aquifer tube 
DD-39-1 was more stable than for the data produced by aquifer tube DD-39-3. The flow-through 
conductivity cell is very sensitive to the presence of air bubbles. If the water tubes were not completely 
flushed of air bubbles, the conductivity data is not representative of the water being sampled. It is 
believed that air bubbles were being generated during the sampling of DD-39-3. The source of the air 
bubbles was probably in the sample selection valve and associated tubing in the sample module, or 
incomplete purging of the line before conductivity measurements. 

Quality control data 

The monitoring system was capable of analyzing a system blank and final mid-value calibration 
standard as a continuing check on the validity of data being produced by the system. The 
concentrations of the mid value calibration standards analyzed are illustrated on Figure 9.  
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Figure 9. Results of mid-calibration standards August 11-October 29, 2004. 

Conclusions 

The hexavalent chromium monitoring system has been shown to be a reliable system for collecting 
and analyzing of aquifer tube samples over the course of over two months. The system was capable of 
monitoring in the concentration range of 30 to 120 ppb with internal calibration. The system 
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demonstrated the ability to exceed the key specifications present in the introduction. After the 
beginning of the second deployment (August 10, 2004), the operation and maintenance of the system 
was restricted to one replenishment of reagent. The system is capable of performing 100 analyses 
before replenishing the colorimetric reagent. The system can be used to collect and analyze samples 
every fifteen minutes. Compared to current monitoring methods, the system is capable of determining 
with greater resolution and frequency the hexavalent chromium concentrations in the gravels beneath 
the river. 

This investigation demonstrated: 

A robust application of an automated ‘universal’ monitoring system 
Accurate calibration can be performed automatically in the field 
Low cost sampling and analysis 
Agreement with current sampling and analytical laboratory results 
Ability to adopt standard methods for automated field use 
Ability to incorporate transition ready technologies into field application 
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Abstract: Groundwater contamination from 90Sr is an environmental challenge posed to 
present and former nuclear weapons related sites. Traditional methods of extracting 
groundwater samples and performing laboratory analyses are expensive, time-consuming 
and induce significant disposal challenges. The authors present here a prototype counter 
capable of measuring 90Sr groundwater concentrations in-situ at or below the drinking water 
limit of 8 pCi/liter. The 90Y daughter of 90Sr produces high-energy electrons, which can 
create Cerenkov light. Photomultiplier tubes convert the Cerenkov light into an electronic 
pulse, which then undergoes signal processing with standard electronics. Strontium-90 
concentrations near the drinking water limit can be measured in a matter of hours if it is in 
secular equilibrium with the 90Y daughter. The prototype counter is compact, can be 
deployed in an American Standard 6-inch, well while operated by a single person, and 
transmits the results to a central monitoring location. 

Keywords: strontium-90, groundwater monitoring, Cerenkov light. 
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Introduction 

The radionuclide 90Sr is a common fission product with a half-life of 28.78 years. Large quantities 
of 90Sr exist in effluent produced by fuel reprocessing and reactor operation. Because it concentrates in 
the skeletal system of humans, it presents an environmental challenge to the Department of Energy 
(DOE) at nuclear weapons related sites such as: Savannah River, South Carolina; Oak Ridge, 
Tennessee; Los Alamos, New Mexico; and Hanford, Washington. This issue is especially pertinent to 
the Hanford site where plumes of 90Sr effluent present in ground water enter the Columbia River. 

Groundwater concentrations are presently monitored in areas where known 90Sr plumes reside. The 
goal is to ensure that the concentrations entering the Columbia River remain well below the free-
release limit of 8 pCi/liter and to assess the performance of remediation efforts. Current monitoring 
practices are time-consuming and expensive. They require extracting down well samples, performing 
laboratory analysis, and waste disposal. 

The authors present here a significantly more efficient method for monitoring 90Sr groundwater 
concentrations, which can be performed in-situ and on a daily basis. This method also provides 
immediate results and creates no disposal problems. The prototype counter described below is an 
improvement over previous designs [1] that measure 90Sr concentrations via the Cerenkov light 
produced from beta-decays. 

Detector concept 

Strontium-90 decays via beta-decay and emits an electron with a maximum energy of 546 keV. The 
daughter nucleus, 90Y, has a half-life of only 64.10 hours and also undergoes beta-decay with a 
maximum electron energy of 2282 keV. The decay of 90Y produces the stable isotope 90Zr. Figure 1 
shows the relative intensity of the emitted electrons as a function of energy. Note that the majority of 
90Y decays have electron energies above the 90Sr endpoint. 
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Figure 1. Graph of relative intensity for electrons emitted by 90Sr and 90Y. 
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High energy charged particles (electrons above ~250 keV in water) traveling through optically 
transparent materials with an index of refraction greater than unity produce Cerenkov light. The 
particle’s momentum restricts this light emission to a cone centered along the direction of the particle’s 
path. The Cerenkov light that reaches the photocathode of a photomultiplier tube (PMT) can be 
converted into an electronic signal. The pulse height of this signal is proportional to the energy of the 
charged particle.  

Since water is transparent to Cerenkov light and can easily be confined to a known volume, 
measurement of Cerenkov light provides a simple technique for measuring high-energy beta decays 
occurring in a groundwater sample. The majority of 90Sr decays will not produce Cerenkov light since 
their energy will be below the ~ 250-keV threshold. In contrast, 90Y is a prolific producer of Cerenkov 
light, due to its higher mean beta-decay energy. An unambiguous measurement of decays from 90Y 
results from only counting events recorded above the 90Sr endpoint. A sample’s 90Y activity is a 
function of the initial 90Sr and 90Y activities, 90

o
Sr

A and 90
o

Y
A , and the decay constants, λ, for each nuclei: 

 ( )90 90 9090 90
90 90

90 90

SrY Y

o
tt to Y Sr

Y Y
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λ λ
−− −

= ⋅ + ⋅ −
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The 90Sr concentration of samples in secular equilibrium can be deduced from a single measurement 
of the 90Y activity, since secular equilibrium implies a 90Sr to 90Y initial activity ratio ( 90 90:o o

Sr Y
A A ) of 

unity, which is temporally constant. But there is no assurance that samples collected in the field exist 
in secular equilibrium, since the chemical interactions in soil and other permeable barriers may affect 
the movement/retention of strontium and yttrium differently. Samples not in secular equilibrium may 
have an initial activity ratio of Sr/Y greater or less than one. Those with a ratio greater than unity 
correspond to environments where 90Sr more freely enters the groundwater, or, alternatively, where the 
90Y would be preferentially removed from the groundwater by the soil. However, because soil 
generally has a larger affinity for 90Sr, an initial activity ratio less than unity is more common. In this 
case, the 90Y activity will decrease with time and asymptotically approach the point of secular 
equilibrium, where the two activities are equal.  

Figure 2 shows the behavior of the 90Y activity for various initial activity ratios where the 90Y 
activity exceeds the 90Sr activity and has an initial value of unity (in arbitrary units). By securing the 
sample in the chemically stable environment of the counter, one ensures that 90Sr and 90Y are lost only 
via beta-decays. After measuring the 90Y activity at two or more points in time, the data can be fit to 
the decay curves of Figure 2; the 90Sr concentration can then be deduced. 

Beta decay is not the only process that produces Cerenkov light; cosmic rays and terrestrial γ-rays 
may also contribute. Background from cosmic rays primarily results from high-energy (GeV) muons 
created in the upper atmosphere. These muons interact in the same way high-energy electrons do. 
Similarly, terrestrial γ-rays above approximately 410 keV can Compton scatter in water producing 
electrons of varying energies, which themselves then can create Cerenkov light. The principle sources 
of terrestrial radioactivity stem from nuclei in the 232Th and 238U decay chains along with 40K, all of 
which are present in soil. 
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Figure 2. Graph of the relative 90Y activity as a function of the initial activity ratio ( 90 90:o o
Sr Y

A A ). The 

four ratios plotted above are 1, 0.5, 0.2, and 0. The top line, corresponding to an initial activity ratio of 
unity, results from a sample initially existing in secular equilibrium. The remaining curves 
asymptotically approach secular equilibrium. The bottom curve, representing the case where no 90Sr is 
present, asymptotically approaches zero and is simply the 90Y decay curve with a 64.1 hour half-life. 
Not shown here are curves that would increase if the initial 90Sr concentration exceeded that of 90Y. 

The contributions from these sources of background vary depending on the field environment. 
Bowyer, et al., [1] reported cosmic rays as the dominant source of background. However, for down-
well applications, where the counter is surrounded by soil containing terrestrial radioactivity, γ-rays 
present the largest background. 

Physical modeling and conceptual design 

The chief constraints on the detector design presented here derive from two factors. First, it has to 
fit down-well, which in our specific application implies a diameter of less than 15 cm and a maximum 
total length of 1.8 m. Second, the counter must accurately measure concentrations down to 8 pCi/liter, 
the drinking water limit, in a reasonable amount of time, i.e. hours. This requires maximizing the 
counter’s detection efficiency. With these general parameters in mind, the authors investigated various 
geometries using the simulation code GEANT4 [2] which modeled all aspects of the detector from the 
energy distribution of electrons produced during beta-decay to the photomultiplier tube response. 

Figure 3 displays a typical simulation geometry in which the counter is immersed in a volume of 
soil. Model calculations varied the inner diameter and length of the water cavity within the limits 
mentioned above. The top and bottom end of the cavity were fit with quartz windows while the inside 
surface was lined with Teflon (95% reflectivity). Calculations included light attenuation and internal 
reflections. All beta-decays were produced at points randomly distributed throughout the water 
volume. Although the simulation results were only used in constraining the design parameters 
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discussed below, prior to counter construction their accuracy was partially validated by reproducing 
the detection efficiency of the Bowyer counter [1]. 

 

Figure 3. The simulation geometry includes a water cavity, shielding (active or passive), and 
surrounding soil. Essentially all of the gamma-ray flux entering the counter is accounted for with the  
1-m right circular cylinder of soil shown here. Not shown in the figure is a disk above the counter from 
which trajectories of cosmic rays were calculated. 

The most important design parameter influencing the detection efficiency, i.e. count rate, is the 
water cavity volume. For a fixed diameter, the count rate increases with the counter length due to the 
presence of more beta-decays. The relationship is asymptotic due to the attenuation of light traveling 
through large distances of water. A further complexity is the existence of dark current in PMTs. PMT 
dark currents create electronic noise and false signals. One technique for dramatically reducing this 
effect is to require a coincidence between two PMTs. Since the propagation of Cerenkov light is 
restricted to a cone in the direction of the electron’s momentum, requiring a coincidence between 
multiple PMTs installed on one of the counter’s ends is one option for reducing noise, i.e. single-ended 
coincidence. A second option is to employ one PMT on each end surrounded by a Teflon reflecting 
ring. 

As shown in Figure 4, light that is emitted towards one end of the tube will reflect and, if not 
attenuated, create a coincidence at the opposite end, i.e. two-end coincidence. 
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Figure 4. Two possible coincidence techniques that serve to reject PMT dark current events. 

Figure 5 compares the signal rate for various PMT configurations as a function of water cavity 
length and coincidence requirements. Single-ended coincidence schemes have an asymptotic behavior 
while configurations with an opposite-end coincidence requirement have an optimal length. This 
peaked behavior results from a balance of having more signal events in a longer counter with the 
attenuation of the reflected light over the length of the counter.  
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Figure 5. Graph of the relative event rate in the water cavity as a function of counter length and 
number of PMTs on each end. Configurations with more than one PMT per end have single-end 
coincidence requirements while those with only one PMT have a two-end requirement. 

The second crucial design parameter is the background shielding configuration. Both terrestrial 
gamma rays and cosmic rays were included in the background simulation. The soil served as a 
generator of the γ-ray background, and the model assumed soil activity concentrations of 0.7 pCi/g for 
232Th, 0.4 pCi/g for 238U, and 10 pCi/g for 40K [3]. The cosmic-ray generator consisted of muons with 
initial positions uniformly distributed on a disk-shaped surface above the counter with a momentum 
distribution given by Kremer, et al., [4] and an angular distribution of cos2(θ), where θ is the angle 
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normal to the soil. The resulting event rates in an 8.9-cm diameter by 40-cm long cylinder with no 
shielding were 1800 Hz for gamma rays and 5 Hz for cosmic rays. This result focused the design on 
eliminating the terrestrial γ-ray background. 

To this end, the authors considered both active and passive configurations for background 
reduction. The goal of active shielding is to detect the penetrating radiations so that coincident signals 
in the Cerenkov counter can be vetoed and not misidentified as beta-decay events; passive 
configurations attempt to absorb penetrating radiations before they enter the counter. The active 
method modeled here was a veto shield surrounding the sample cylinder composed of BGO, NaI(Tl) or 
CsI(Na). Both gamma rays and cosmic rays have a high probability of depositing some energy in these 
materials, especially BGO. The authors also considered passive shields of lead and tungsten, which 
absorb gamma rays from the surrounding soil but have little impact on cosmic rays because of their 
enormous energy. Another background reduction strategy is to reject cosmic-ray events depositing 
large energies. An upper-level pulse height cut applied to the PMT signal above the maximum 90Y 
energy greatly assists in reducing the cosmic-ray background rate. The count rates for a 1.27 cm thick 
annulus surrounding the water cavity from each approach are displayed in Figure 6. The active veto 
shields are significantly more effective in rejecting background radiation. 
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Figure 6. Background count rates for a cylindrical water cavity 40 cm long and 8.9 cm in diameter 
with 4 PMTs at each end operated in a single-ended coincidence mode. In each case, the shield is an 
annulus 1.27 cm in diameter. The three active shields considered were the scintillators BGO, NaI(Tl) 
and CsI(Na); lead and tungsten are passive shields. 

Counter design 

Based on the simulation results discussed above and costs associated with design, materials, and 
electronics, the decision to build a prototype counter with a single PMT on each end and passive 
tungsten shielding was made. The prototype counter design consists of a cylindrical water cavity, 
8.9 cm in diameter and 40 cm long, defined by a tungsten annulus of thickness 2.1 cm, as shown in 
Figure 7. Two quartz windows provide a water tight and transparent seal for 5.08-cm diameter PMTs 
on each end. The 40-cm cavity length is optimal for this PMT configuration. The inside of the tungsten 
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cavity is coated with a Teflon reflector including the annular area adjacent to the PMTs. A stainless-
steel housing encloses the tungsten annulus, PMTs, and space for a water pump, vent line, and 
electronics.  

PMT – 5.1 cm dia

Quartz Window

Tungsten Chamber
8.9 cm ID x 13.2 cm OD

Fill Tube

Vent Tube

Quartz Window40 cm

 

Figure 7. Schematic of the 90Sr final design which includes a passive tungsten shield and two 5.1-cm 
diameter PMTs. 

In the prototype design reported here, all signal processing occurs at the surface of the well is using 
standard NIM electronics. High voltage enters, and signals exit, the counter through water-tight 
connections on its top. The signal processing electronics shown in Figure 8 have two principal 
features: 1) a lower level discriminator on each PMT and a coincidence requirement between both 
PMTs to prevent triggering on electronic noise; and 2) an upper level discriminator on the sum of both 
PMT signals to reject cosmic-ray events above the maximum 90Y electron energy. Signals remaining 
after applying these criteria are counted as potential 90Y decays and sent to a laptop computer. 

 
Figure 8. The signal processing electronics, presently located above ground, incorporate the Canberra 
modules noted above. The two essential criteria are the coincidence requirement between each 
phototube and an anti-coincidence veto if the signal exceeds an upper level discriminator. 
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The authors tested this counter with samples from a Hanford site well whose 90Sr concentrations 
were ~1000 pCi/liter, and which are in secular equilibrium. The authors counted the samples in an 
above ground laboratory environment where background from soil was reduced relative to down well 
operation. Figure 9 displays a pulse height spectrum for this sample. The region to the right of the 
vertical dashed line corresponds to the region above the lower level discriminator of Figure 8 while the 
right end of the graph marks the upper level cosmic-ray discriminator.  
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Figure 9. Pulse height spectrum for PMTs in two-end coincidence mode. The pulse height represents 
the sum of both PMTs. 

Field operation 

The ultimate use of this counter is for unmanned field measurements. The prototype presented here 
can be deployed from the back of a pickup truck and lowered into a well. (Future incarnations will 
contain all signal processing inside the stainless steel shell located down-well.) In either case, a power 
supply and transmitter located above ground feed the results via cellular communications to a central 
monitoring station. Water samples will be pumped into and out of the counter through an in-counter 
pump and particulate filter. 

Conclusions 

The authors constructed and calibrated a prototype counter for monitoring 90Sr contamination in 
ground water. It consists of a cylindrical water cavity, 8.9 cm in diameter and 40 cm long. 
Groundwater samples with 90Sr concentrations down to the drinking water limit of 8 pCi/liter can be 
analyzed on a daily basis. The detector is a field-deployable device and is equipped with wireless 
communications for remote monitoring.  
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Abstract: Absorption and fluorescence properties of 4 hydraulic oils (3 biological and 1 
petroleum-based) were investigated. In-situ LIF (laser-induced fluorescence) analysis of the 
oils on a brown sandy loam soil was performed. With calibration, quantitative detection was 
achieved. Estimated limits of detection were below ca. 500 mg/kg for the petroleum-based 
oil and ca. 2000 mg/kg for one biological oil. A semi-quantitative classification scheme is 
proposed for monitoring of the biological oils. This approach was applied to investigate the 
migration of a biological oil in soil-containing compartments, namely a soil column and a 
soil bed. 

Keywords: in-situ optical oil sensor, lubricants, hydraulic oils, soil, laser induced 
fluorescence. 
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Introduction 

Due to the limitation of petroleum resources and to potential environmental risks arising from the 
usage of petroleum products there is a strong interest to substitute petroleum-based lubricants, oils and 
fuels by renewable and better biodegradable products. Properties, environmental benefits and risk 
assessment of so-called green lubricants, often also referred to as oleochemical or vegetable-based 
lubricants, have been discussed [1-3]. For Germany, the following numbers may be illustrating [1]: In 
the year 1998, about 1 million tons of lubricants were sold, ca. 150,000 tons among these were 
hydraulic oils (ca. 100,000 tons for stationary, 50,000 tons for mobile devices, [4]). It is believed that 
about 50%, i.e. ca. 500,000 tons of lubricants, entered the environment as pollutants [5]. As an 
estimate, only 2.5% of the lubricants are considered to be of biological origin [1]. In the last years 
much effort has been undertaken to replace petroleum products as constituents of hydraulic oils. The 
German federal environmental agency (Umweltbundesamt UBA, Berlin) has awarded readily 
biodegradable hydraulic oil products. Nevertheless, most hydraulic oil products still contain petroleum 
product constituents. Today, biological hydraulic oils are composed of the following types of basic 
liquids: Unsaturated (native) esters (rape seed oil, sunflower oil, etc.), unsaturated, synthetic ethers 
(trimethylolpropane-, TMP-oleates, etc.), saturated synthetic esters (dicarbonic acid esters, etc.), 
polyglycoles, and other basic fluids (petroleum product-based, polyalpha-olefines (PAO), etc.). 

Over the last decades, laser-induced fluorescence (LIF) spectroscopy has been employed and 
continuously been improved as powerful analytical tool for the analysis of petroleum products in the 
environment [6-8]. A particular advantage of LIF spectroscopy is the potential for on-site, in-situ and 
sub-surface characterization of contaminated waters and soils. Oil fluorescence properties such as 
spectral signature, intensity and decay time, can be used to identify and to quantify oils in the 
environment. In the following, we will demonstrate the application of LIF spectroscopy to characterize 
biological and petroleum-based oils, and to monitor the migration of a biological oil in soil-containing 
compartments, namely a soil column and a soil bed. This work is thus part of our attempt to employ 
laser-based techniques for environmental analysis and to make progress from laboratory to field 
applications ([9-11, 15] and literature cited therein). 

Experimental 

The following oils were investigated: Oil 1 (Plantohyd 40N, Fuchs, Mannheim, Germany, yellow 
liquid) and oil 2 (Bio Hy Gard, John Deere, Bruchsal, Germany, reddish orange liquid) contain natural 
esters from vegetable oils, oil 3 (ECONA E46, DEA, Hamburg, Germany, yellow liquid) contains 
ethers synthesized from vegetable oil precursors, whereas oil 4 (J 20 C, John Deere, Bruchsal, 
Germany, brownish yellow liquid) is a conventional petroleum product.  

A mobile LIF spectrometer was obtained from Optimare GmbH (Wilhelmshaven, Germany). This 
device, called OPTIMOS (oil pollution transportable independent monitoring system), has been 
described in detail [15]. Briefly, it includes a flash lamp-pumped Nd:YAG-laser (pulse duration ca. 
10 ns) as excitation source and an intensified CCD camera (1024×128 pixels, minimum gate width less 
than 5 ns) in combination with a spectrograph as detection system (typical spectral resolution ca. 3 – 
5 nm). For the measurements, the OPTIMOS was operated at λexc=266 nm (typical pulse energy 
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500 µJ) or 355 nm (5 mJ) using cut-off filters (WG 295 or GG 385 Schott/ITOS, Mainz, Germany), 
respectively, to reduce backscattered excitation light. Background correction (CCD noise) was 
achieved by subtracting the signal of a dark measurement. LIF measurements from soil surfaces were 
performed using a simple sensor head with bifurcated fiber bundles (quartz fibers with ca. 100 µm 
diameter for excitation and detection) connected to a plain circular metal plate. This resulted in an anti-
parallel orientation of excitation and emission optical paths (180°-geometry). Towards the soil 
surfaces, the fiber was protected by a quartz glass window of 3 mm thickness. For earlier 
investigations a demo-setup using a N2-laser as the excitation light source (λexc = 337 nm) was used 
[15]. 

As model soil, an air-dry brown sandy loam from the site of the Federal Agricultural Research 
Center (FAL) in Braunschweig, Germany, was used. Soil columns were packed by FAL staff in 
plexiglass tubes, typically with 100 mm inner diameter, 3 mm wall thickness. As soil bed, turfs of 
natural soil with grassy vegetation were sampled at the FAL site and placed upon sandy loam in a 
frame (size 180 x 180 cm size), in which the grass was grown. To monitor oil migration, for each 
investigation 1 l of oil 2 was added with a funnel at the top of the soil column and at different positions 
of the soil bed. For the latter, three angles of inclination were chosen (3°, 10°, 15°, with respect to the 
earth surface). For each measurement approximately 100 locations were scanned using LIF 
spectroscopy. 

Absorption and fluorescence spectra of neat and diluted oils were recorded on a Lambda 2 
photometer and LS 50 luminescence spectrometer (both Perkin-Elmer, Überlingen, Germany), 
respectively (typical spectral resolutions ca. 1 – 3 nm). All solvents used in the study were of 
analytical reagent grade. For the preparation of oil-spiked soil samples, a solution of the oils in n-
pentane was added to the soil. After mixing using a spade, the samples were placed on a shaking 
tablett and n-pentane was evaporated in the fume cabin by skaking for three hours. The samples were 
analyzed immediately upon preparation. Limits of detection (LOD) were calculated by division of the 
threefold standard deviation of five measurements of the uncontaminated sandy loam by the slope of 
the calibration line. 

Results and discussion 

The absorption spectra of the oils are characterized by a continuous increase from the red to strong 
absorbances in the UV spectral region. Absorption onsets of diluted oils were concentration dependent 
and were found, for example, in the 350 to 400 nm region for a dilution of 5 g/L oil in cyclohexane 
(Figure 1). In the semi-logarithmic representation, the oils showed long-wavelength absorption tails 
with almost linear behavior. In Figure 1, this is most pronounced for oil 2. Such a behavior, which has 
also been found for crude oils, asphaltenes, humic substances, etc., has been interpreted in terms of the 
so-called Urbach phenomenology [12-15]. 

Under laser irradiation the neat (i.e., undiluted) oils under investigation showed distinct native 
fluorescence. As examples, LIF spectra (fluorescence intensity IF vs. wavelength λ) obtained with 355 
and 266 nm excitation are shown in Figures 2 and 3. 
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Figure 1. Absorption spectra (semi-logarithmic representation) of the hydraulic oils in cyclohexane 
solution (5 g/L, 1 cm optical path length). Arrows denote the laser excitation wavelengths employed. 
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Figure 2. Fluorescence spectra of the neat hydraulic oils (λexc=355 nm). The arrow marks a spectral 
feature originating from laser stray light. For oil 2 maxima can be assigned at 386, 407 and 429 nm. 
The location of the fluorescence onset at ca. 375 nm and of the first peak at 386 nm might be influen-
ced by the cut-off filter. The inset shows calibration data for oil 2 on the brown soil (λexc=266 nm). 
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Figure 3. LIF spectra of neat oil product 1 and 4 (λexc= 266 nm, arrow marks stray light). The location 
of the fluorescence onsets might be influenced by the cut-off filters. 

Usually, LIF spectra of oil products are featureless with single broad maxima in the 350 to 500 nm 
spectral region. It is therefore noteworthy that the oils 1 – 4 exhibited more structured emissions, 
displaying between 300 and 430 nm partly resolved minima and maxima and some clearly discernible 
shoulders. Since we do not precisely know origin, processing and composition of the commercial oil 
products, the fluorescence spectra obtained cannot be related to fluorophoric oil components. Rather, 
the overall signals are taken as spectral signatures characteristic for the neat oils. Closer inspection of 
the spectra in Figure 2 allows the following observations: (i) The fluorescence appearance of the 
biological oils 2 and 3 clearly resembles that of the petroleum-based oil 4. This may be due to identical 
or at least similar additives present in the oils. (ii) The fluorescence spectra strongly depend on 
excitation wavelength. Oil 1, which showed no fluorescence under 337 and 355 nm excitation due to 
the negligible absorption, can conveniently be excited at 266 nm (cf. Figure 3). Also the fluorescence 
onsets correlate with excitation wavelengths, as illustrated by comparison of oil 4 fluorescence signals 
in Figure 2 (λexc=355 nm, onset at ca. 375 nm) and Figure 3 (λexc=266 nm, onset ca. 275 nm). (iii) 
Quantitatively, the fluorescence efficiencies, as measured by the integrated LIF spectra, of the oils 
vary considerably. E.g., for excitation at 266 nm, where the oil absorbances are expected to be similar 
(cf. Figure 1), the overall fluorescence of oil 1 is more than one order of magnitude below that of oil 4 
(Figure 3). This is in accordance with our earlier finding that, for a given excitation wavelength, 
fluorescence efficiencies of neat (petroleum-based) oils can be strongly different [15]. Also, there is a 
clear indication that biological oils are less fluorescent than petroleum-based oils. 

Natural soils are strongly light scattering and usually also strongly light absorbing media of very 
heterogeneous nature. In comparison to solution phase investigations, LIF analysis of oils directly 
from soil surfaces is therefore much more difficult. Shown in Figure 4 are LIF spectra of oil 4 in a 
concentration range of c = 300 – 6.000 mg/kg on the brown soil (sandy loam) and the background 
signal from the undoped soil (blank). 
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Figure 4. LIF spectra of hydraulic oil 4 on the brown soil (λexc = 266 nm, arrow marks stray light). 
The inset shows calibration data for two independently spiked soil series (λexc = 266 nm, IF values 
obtained from integrated spectra). 

The reduced quality of the fluorescence signals obtained is the price paid for in-situ soil 
investigation, i.e. an analysis without prior separation of analyte (oil) and matrix (soil). Despite 
somewhat reduced signal-to-noise ratio, the LIF signal intensities were clearly suitable for 
quantification of the oil content. This is illustrated by the calibration plot showing a linear relationship 
between IF and c (inset of Figure 4). The limit of detection for oil 4 on the typical German soil are 
estimated to be below 500 mg/kg, which meets the requirements of typical regulatory values for 
petroleum-based oils as given for instance by the so-called Dutch list [16]. This list gives two values 
for petroleum product contaminations of soils: A reference concentration (R value) of 1,000 mg/kg 
above which additional investigations of the soils are recommended, and an intervention concentration 
(I value) of 5,000 mg/kg above which soil remediation is proposed. Thus, with appropriate calibration, 
in-situ LIF analysis of soils contaminated with petroleum-based oils can be performed quantitatively 
(even, as first approximation, without consideration of soil optical properties [15]). Given their 
significantly lower fluorescence efficiencies it was found that such a procedure is not very useful for 
biological oils. For example, the detection limit for oil 2 on the sandy loam is estimated to be around 
2000 mg/kg (inset of Figure 2). More precise limits of detection are therefore not given for oils 1 – 3. 
In the following we will instead propose an alternative approach. 

For environmental monitoring and screening purposes it is often sufficient to infer the presence of 
an analyte with a classification scheme. Better than the most simple detect/non-detect scheme is e.g., a 
three-level classification with the following regimes: Below threshold (non-detect, level 3), 
intermediate concentrations (level 2), and excess concentration (level 1), e.g. in neat or saturated oil 
zones. We have taken this approach to study and visualize the migration of oils in soil-containing 
compartments, namely a soil column and a grass-covered soil bed. As example, Figure 5 shows LIF 
spectra of oil 2 which has migrated down the soil column. 
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Figure 5. LIF spectra of hydraulic oil 2 on a column packed with a sandy loam. 

In this example of a semi-quantitative application, various concentration levels are assigned to LIF 
spectra on the basis of spectral features and fluorescence intensities. Level 1 corresponds to the LIF 
signal of the pure oil phase, exemplified in Figure 5 by the upper trace with a maximum relative IF 
signal of ca. 600. Level 2 is characterized by significantly lower LIF signals, albeit with clearly 
discernible spectral signature of oil fluorescence. This is exemplified by the middle trace with a 
maximum relative IF signal of ca. 80 and corresponds to the soil zone which is less than oil-saturated. 
At level 3 below that (compare lowest trace in Figure 5 with a maximum relative IF signal of ca. 12), 
signals were recorded which did not display these spectral signatures. This can be signals from the soil 
background or slightly above. Figure 6 gives an example of an imaging application of LIF 
spectroscopy for oil 2 migrating down the grass-covered soil bed for different angles of inclination (3°, 
10°, 15°). 

3° 10° 15°

X XX

 

Figure 6. LIF spectroscopy for in situ profiling of spreading hydraulic oil 2 on a grass covered soil 
surface. The “X” denotes the point were the oil was added. 
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As described above, IF signal intensities and and oil levels have been assigned by a triple grey code: 
Dark areas represent oil-saturated zones (level 1), middle grey regions are below oil saturation, and the 
light grey regions reflects background signals. From Figure 6, it is clearly visible that the higher angle 
of inclination leads to increased oil mobility on the grassy surface. 

Conclusions 

In comparison to the petroleum-based oil, the biological oils under investigation exhibited 
significantly reduced fluorescence efficiencies. Instead of a calibration-based quantitative analysis, as 
suitable for petroleum-based oils, a three-level classification scheme is proposed for the semi-
quantitative in-situ analysis of biological oils in soil containing compartments. As example, oil 
migration in soil-column and soil bed was addressed. Future work is necessary to improve the in-situ 
detection of biological oils and to elucidate their transport behavior more comprehensively. 
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Abstract: Electrochemical biosensors have superior properties over other existing 
measurement systems because they can provide rapid, simple and low-cost on-field 
determination of many biological active species and a number of dangerous pollutants. In 
our work, we suggested a new heavy metal biosensor based on interaction of heavy metal 
ions (Cd2+ and Zn2+) with phytochelatin, which was adsorbed on the surface of the hanging 
mercury drop electrode, using adsorptive transfer stripping differential pulse voltammetry. 
In addition, we applied the suggested technique for the determination of heavy metals in a 
biological sample – human urine and platinum in a pharmaceutical drug. The detection 
limits (3 S/N) of Cd(II), Zn(II) and cis-platin were about 1.0, 13.3 and 1.9 pmole in 5 µl, 
respectively. On the basis of the obtained results, we propose that the suggested technique 
offers simple, rapid, and low-cost detection of heavy metals in environmental, biological 
and medical samples. 

Keywords: phytochelatin, adsorptive transfer stripping, differential pulse voltammetry, 
mercury, cadmium, zinc, heavy metal sensor, human urine, cis-platin. 
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Introduction 

Industries produce a number of undesirable species such as pesticides, toxic organic compounds, 
heavy metals and so on [1-5]. An increasing concentration of heavy metals in the environment is a 
serious problem for human and animal health protection and production of foodstuffs in many 
countries around the world [6-8]. That is why easy and quick detection of heavy metals at very low 
concentrations levels in environmental and biological samples is necessary for assurance against acute 
intoxications and, first of all, against long-time exposure that may lead to many diseases and death  
[9-10]. Several analytical methods such as atomic absorption spectrometry [11-13], inductively 
coupled plasma with mass spectrometry [14-16] as well as electrochemistry [17-21], have been 
developed for these purposes. Electrochemical biosensors have superior properties over the other 
existing measurement systems because they can provide rapid, simple and low-cost on-field 
determination of many biological active species and number of dangerous pollutants [22-29]. In 
addition, biosensor technology is a powerful alternative to conventional analytical techniques, 
combining the specificity and sensitivity of biological systems in small devices. A number of recently 
published papers describe the determination of heavy metals using electrochemical biosensors based 
on their interactions with DNA [26,29-33], enzymes (first of all urease) [34-38], bacteria [39-41] and 
proteins [42-43]. 

Besides high molecular species – proteins such as metallothionein – it is possible to use low 
molecular heavy metal binding compounds such as phytochelatins (PCs) for construction of 
biosensors. PCs, cysteine-rich small peptides, consist of 4-23 amino acids abounding in plants as a 
response on heavy metal stress [44-47], participate in the detoxification of heavy metals, because they 
have an ability to transport heavy metal ions to vacuole [45,48], where an immediate toxicity do not 
menace yet. Phytochelatins have a basic formula (γ-Glu-Cys)n-Gly (n = 2 to 11)  and with the 
presented heavy metals (M) form M-PC complexes, in which the metal is bind via SH group of 
cysteine unit [48-49]; see Figure 1A. PCs are synthesized from glutathione, which is catalysed by PC 
synthase (γ-glutamylcysteine dipeptidyltranspeptidase, EC 2.3.2.15) activated by an increased 
concentration of the heavy metal (Cd, Cu, Hg, As or Pb) in a plant cytoplasm [47]. Reduced 
glutathione (GSH) itself plays the important role in cell protection against heavy metals, and reactive 
oxygen species (ROS) that are able to oxidize GSH to GSSG (oxidized glutathione; disulfide 
glutathione) [50]. The GSH:GSSG ratio was found as an indicator of cell damage and some diseases 
[50,51]. 

The aim of this paper was to suggest a new heavy metal biosensor based on interaction of heavy 
metal (cadmium and zinc) with phytochelatin using adsorptive transfer stripping (AdTS) differential 
pulse voltammetry (DPV). The basic scheme of the proposed heavy metals biosensor is shown in 
Figure 1B. 
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Figure 1. Chemical structure of phytochelatin (A). Scheme of basic principle of biosensor for heavy 
metals detection (B). 

Materials and methods 

Chemicals 

Phytochelatin (γ-Glu-Cys)2-Gly (PC2) was synthesized in Clonestar Biotech; purity over 90% 
(Brno, Czech Republic). Tris(2-carboxyethyl)phosphine is produced by Molecular Probes (Evgen, 
Oregon, USA). Sodium chloride, cadmium nitrate, zinc nitrate and other used chemicals were 
purchased from Sigma Aldrich. The stock standard solutions of PC2 at 10 µg.ml-1 were prepared by 
ACS water (Sigma-Aldrich, USA) and stored in the dark at -20 °C. Working standard solutions were 
prepared daily by dilution of the stock solutions. The pH value was measured using WTW inoLab 
Level 3 with terminal Level 3 (Weilheim, Germany), controlled by personal computer program 
(MultiLab Pilot; Weilheim, Germany). The pH electrode (SenTix- H, pH 0–14/3M KCl) was regularly 
calibrated by set of WTW buffers (Weilheim, Germany).  

Electrochemical measurements 

Electrochemical measurements were performed with AUTOLAB Analyser (EcoChemie, 
Netherlands) connected to VA-Stand 663 (Metrohm, Switzerland), using a standard cell with three 
electrodes. The working electrode was a hanging mercury drop electrode (HMDE) with a drop area of 
0.4 mm2. The reference electrode was an Ag/AgCl/3M KCl electrode and the auxiliary electrode was a 
graphite electrode. The supporting electrolyte was prepared by mixing buffer components. The 
analyzed samples were deoxygenated prior to measurements by purging with argon (99.999%) 
saturated with water for 240 s. 

-Adsorptive transfer stripping (AdTS) differential pulse voltammetry (DPV) of phytochelatin 

The amount of PC2 was measured using AdTS DPV. The samples of the PC2 were reduced before 
each measurement by 1 mM tris(2-carboxyethyl)phosphine addition according to [52]. The supporting 
electrolyte (sodium chloride: 0.5 M NaCl, pH 6.4) from Sigma Aldrich in ACS purity was purchased. 
DPV parameters were as follows: an initial potential of –1.2 V, an end potential –0.3 V, a modulation 
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time 0.057 s, a time interval 0.2 s, a step potential of 1.05 mV/s, a modulation amplitude of 250 mV. 
All experiments were carried out at room temperature. For smoothing and baseline correction the 
software GPES 4.4 supplied by EcoChemie was employed. 

Real samples 

-Preparation of human urine 

Human urine (obtained from healthy laboratory staff) was filtered through a Teflon disc filter  
(0.45 µm and 13 mm diameter, Alltech Associates, Deerfield, Il, USA) and 10 times diluted with 
0.5 M sodium chloride (pH 6.4) before measurements. Moreover, we added to 10 times diluted 
solution of human urine Cd(II) and/or Zn(II) at 25, 50, 100, 225, 400, 600 and/or 50, 100, 200, 400, 
600, 800 µM concentrations, respectively. 

-Preparation of cis-platin – pharmaceutical drug 

cis-Platin was synthesized and provided by Pliva-Lachema (Brno, Czech Republic) [53]. The stock 
standard solutions of cis-platin at 10 µg.ml-1 were prepared by sodium chloride solution (0.5 M, 
pH 6.4) and stored in the dark at -20 °C. Working standard solutions were prepared daily by dilution of 
the stock solutions. 

Statistical analysis 

STATGRAPHICS® (Statistical Graphics Corp®, USA) was used for statistical analyses. Results 
are expressed as mean ± S.D. unless noted otherwise. A value of p < 0.05 was considered significant.  

Results and discussion 

Papers concerning the construction of heavy metals biosensors, where fungi, bacteria, proteins or 
peptides served as biological part of these sensors, were recently published [3,30,33-34,38,40-43,54-
62]. Due to increasing interest in heavy metals biosensor development, we engaged with 
electrochemical determination of heavy metals by means of their interaction with a phytochelatin 
(PC2)-modified mercury electrode. Basic electrochemical behaviour of heavy metal binding thiols 
(e.g., glutathione, phytochelatin, metallothionein) has already been studied by many techniques such as 
chronopotentiometric stripping analysis [23,24,63-64], cyclic voltammetry [18,25,65-66] and 
differential pulse voltammetry [67-70]. Primarily, it was necessary to observe in detail the 
electrochemical behaviour of PC2 on the surface of hanging mercury electrode (HMDE) by differential 
pulse voltammetry in combination with adsorptive transfer stripping technique (AdTS DPV) with the 
view to use them for construction of a heavy metal biosensor because the AdTS DPV technique has 
not been used for these purposes yet. 

Adsorptive transfer stripping technique as a base of electrochemical biosensor 

Adsorptive transfer stripping technique (AdTS) was developed as a suitable tool for electrochemical 
detection of biomolecules such as proteins, peptides and/or DNA [29,71-79]. Principle of the technique 
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is in an adsorbing of studied analyte on surface of the working electrode – in our case of HMDE at 
open electrode system; see Figure 2A2. 
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Figure 2. Scheme of adsorptive transfer stripping technique used for the detection of peptide – 
phytochelatin; (1) renewing of hanging mercury drop electrode (HMDE) surface; (2) adsorbing of PC2 
in a drop solution onto HMDE surface; (3) washing electrode in sodium chloride (0.5 M, pH 6.4); (4) 
measurement of PC2 by differential pulse voltammetry (DPV) in 0.5 M sodium chloride, pH 6.4 (A). 
Typical DPV voltammograms of 500 µM PC2 (B) obtained by AdTS DPV technique. DPV parameters 
were as follows: an initial potential of –1.2 V, an end potential –0.3 V, a modulation time 0.057 s, a 
time interval 0.2 s, a step potential of 1.05 mV/s, a modulation amplitude of 250 mV, an accumulation 
time of 120 s. Dependence of PC2 peak height on accumulation time at its two different concentrations 
– 1 mM and 10 µM (Ca).  Influence of phytochelatin concentrations on PC2 peak height (Cb and inset 
in Cb). Inset in Figure Cb: peak of PC2 (17 µM – 90 pmol of PC2 in 5 µl drop) after baseline 
correction. Scheme of adsorptive transfer stripping technique used for the detection of heavy metals; 
(1) renewing of hanging mercury drop electrode (HMDE) surface; (2) adsorbing of PC2 in a drop 
solution onto HMDE surface; (3) washing electrode in sodium chloride (0.5 M, pH 6.4); (4) interaction 
of heavy metal (cadmium and/or zinc) in a drop solution with peptide modified HMDE surface; (5) 
washing electrode in sodium chloride (0.5 M, pH 6.4); (6) measurement of PC2 by DPV in 0.5 M 
sodium chloride, pH 6.4 (D). 
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After the absorbing, the electrode is removed from the solution and redundance of analyte is washed 
from the surface of the working electrode in buffer (Figure 2A3). The adsorbed analyte is finally 
detected in the presence of an indifferent electrolyte (Figure 2A4). It was proved that during the 
described process running on the surface of HMDE, only one assembled layer of the adsorbed analyte, 
which can be bio-macromolecules species and/or compounds capable of adsorbing on the electrode 
surface, could form [80]. On the base of the above-mentioned description of the transfer technique, we 
were concerned with the possibility of using of a peptide (PC2) modified HMDE surface for heavy 
metals determination. Primarily, we focused on the optimisation of the modification of the electrode 
surface by phytochelatin. 

Using the adsorptive transfer stripping technique for determination of phytochelatin 

An electrochemical behaviour of the phytochelatin 2 (key plant peptide binding heavy metals; PC2) 
was studied on the surface of the HMDE by differential pulse voltammetry (DPV) in combination with 
adsorptive transfer stripping technique (AdTS). The voltammogram of 500 µM PC2 accumulated on 
the HMDE surface during the time of 120 s and analysed in 0.5 M NaCl (pH 6.4) is shown in Figure 
2B. On the obtained record, we observed the signal at potential –0.57 V, which probably correspond to 
adduct of the PC2 with mercury on the surface of the HMDE (HS-peptide + Hg = HgS-peptide) [81-
82]. 

It was necessary to know the way of probable interaction of peptide with the working electrode 
surface with the view to use the modified HMDE as a suitable toll for detection of heavy metals. On 
the most important index of status of electrode, the double-layer is dependent on the current response 
on the accumulation time [80,83]. An influence of the accumulation time of PC2 at 1 mM and 10 µM 
concentrations on the electrochemical response (current height of PC2 signal) was studied. The 
observed dependence at 1 mM PC2 concentration steeply increased up to 240 s and resembled to the 
Langmuir isotherm (Figure 2Ca). From the obtained results it follows that the signal of PC2 increased 
up to 240 s of the peptide accumulation time, which is probably connected with sequent filling up of 
the electrode surface. The maximum of the presented curve at 240 s probably relates with needed time 
for filling up of the HMDE electrode surface by one layer of PC2 – surface assembled monolayer 
(SAM) [84]. After 240 s, the signal of adsorbed peptide did not increase, contrariwise decreased, 
which probably relates with formation of the poly-layer of the PC2 on the HMDE surface – decreasing 
the possibility of the detection of adsorbed molecules. In the case of lower tested PC2 concentration 
(10 µM), we observed the increase of PC2 peak height with increasing accumulation time at all tested 
values (Figure 2C(a)). In addition, we indeed observed very low increase of the peak height (about 
4 %) from the accumulation time of 360 s. Due to using of PC2 at 1 mM concentration for the 
determination of heavy metals, we used the accumulation time of 240 s, because up this time the 
surface assembled monolayer is formed. 

The next important index of behaviour of phytochelatin on the HMDE surface was the change of 
PC2 current response according to its different concentrations. At the accumulation time of 240 s, 
concentrations of PC2 varying from 2.5 to 1000 µM were tested (Figure 2C(b)). The obtained 
dependence set from the obtained PC2 current responses according to its different concentrations was 
linear in the concentration range 0 – 40 µM (y = 0.0894 + 0.0621; R2 = 0.9969, inset in Figure 2C(b)). 
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In addition, we observed a decrease of the current responses from the PC2 concentration of 100 µM. 
This phenomenon probably relates with a forming of poly-layer on the electrode surface [80,83,85]. 

Modification of the HMDE surface by phytochelatin 

For our purposes, we used the HMDE as the physical-chemical part and phytochelatin 2, which is 
able to bind heavy metals [68,70,86-93], as the biological part of the suggested heavy metals 
biosensor. That is why we could suggest following experiments: i) on the HMDE surface adsorb PC2; 
ii) remove redundant PC2; iii) expose the adsorbed PC2 to interaction with heavy metal; iv) detect 
changes in the signals of PC2 (Figure 2D). We selected for our purposes two heavy metals – cadmium 
and zinc. 

That is why we were interested if free ions of selected heavy metal are able to adsorption and 
transfer on the HMDE surface. If we accumulated (120 s) only free ions of Cd(II) and/or Zn(II) 
without MT on the surface of the mercury working electrode, we did not observe any signal 
corresponding to heavy metal species (not shown). The described effect prove that free ions of heavy 
metals are not able to transfer and consequently to detect. 

Electrochemical behaviour of phytochelatin-modified HMDE in presence of Cd(II) and Zn(II) 

Phytochelatin 2 (1 mM) was adsorbed on the HMDE surface for the duration of 240 s. Then, the 
modified electrode was washed in the basic electrolyte solution and consequently, interacted with  
500 µM of Cd(II) and/or Zn(II) for the duration of 300 s that was established as the most effective. The 
obtained voltammograms are shown in Figure 3A (Cd) and 4B (Zn). In the presence of Cd(II) we 
recorded except original signal PC2 also another two signals that we named CdPC2 (–0.76 V) and 
PC2(Cd) (–0.45 V). In addition, we observed a linear decrease of PC2 signal and increase of CdPC2 and 
PC2(Cd) signals according to the rise of Cd(II) added concentration. The equations of the mentioned 
rising linear curves were in case of CdPC2: y = 0.0128x + 0.2085; R2 = 0.9918; and PC2(Cd): y = 
0.0999x - 4.8325; R2 = 0.9997. The detection limit (3 S/N) of Cd(II) calculated from increase of 
PC2(Cd) peak was about 1.055 pmole in 5 µl (0.211 µM); see Figure 3C. 

In the case of Zn(II) determination by PC2 modified HMDE, we observed only one additive signal, 
which was named ZnPC2: –1.09 V, in comparison with control detection of PC2 without interaction 
with Zn(II). The signal of PC2 linear decreased and ZnPC2 signal linearly increased (y = 0.8496x - 
18.598, R2 = 0.9961) according to rising Zn(II) concentration. The detection limit (3 S/N) of Zn(II) 
calculated from increase of ZnPC2 peak was about 13.30 pmole in 5 µl (2.66 µM); see Figure 3D. 

Determination of Cd(II) and Zn(II) by PC2 modified HMDE in biological matrix 

We decided to test our peptide-modified heavy metal biosensor by means of detection of Cd(II) 
and/or Zn(II) in the presence of the biological matrix (human urine). In the concrete, PC2 (1 mM) was 
adsorbed (240 s) on the HMDE surface, washed (0.5 NaCl) and then the modified electrode interacted 
with Cd(II) and/or Zn(II) in the presence of human urine (10× diluted) for the duration of 300 s. 
Subsequently, the electrode was washed (0.5 NaCl) and placed to an electrochemical cell-containing 
supporting electrolyte (0.5 M NaCl; pH = 6.4). Human urine contained additions of Cd(II) and/or 
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Zn(II) at concentrations (25, 50, 100, 225, 400, 600 and/or 50, 100, 200, 400, 600, 800 µM, 
respectively). All studied signals embodied very similar electrochemical behaviour in the course of 
their analysis both in buffered solution and biological matrix (not shown). The only two differences 
between analysis in buffered and non-buffered medium, which we found out, are peak heights and 
their relationship. In the presence of human urine, heights of all studied signals were lower than in the 
buffered medium – sodium chloride (differences from 10 to 15%). This effect is probably caused by 
impurities included with real sample that may complex with heavy metal ions.  
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Figure 3. Phytochelatin. Typical DPV voltammograms of 1 mM PC2 without addition of Cd(II) and  
1 mM PC2 + 60 µM cadmium ions (A), and 1 mM PC2 without addition of Zn(II) and 1 mM PC2 +  
500 µM zinc ions (B). DPV parameters: time of accumulation 240 s, time of interaction 300 s. 
Dependence of CdPC2, PC2(Cd) and PC2 peak heights on interaction time (C). Dependence of ZnPC2 
and PC2 peak heights on interaction time (D). PC2 concentration: 1 mM. For other details, see Figure 
2. 

Using of peptide-modified HMDE to study of anticancer drug – cis-platin 

We attempted to use our suggested peptide modified heavy metal biosensor for the determination of 
the anticancer drug – cis-platin [PtII (NH3)2Cl2]0; MW 303. A prepared solution of Pt complex 
interacted with PC2 modified HMDE for the duration of 300 s. A resulting voltammogram is shown in 
Figure 4A. A phytochelatin-modified HMDE surface formed with presented Pt complex that we 
detected at potential –0.96 V and named as PtPC2. In addition, we studied the influence of different 
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durations of interaction between the PC2-modified electrode surface and Pt on height of the presented 
PtPC2 signal. We selected a duration of 300 s as most suitable for the Pt complex interaction with the 
PC2-modified electrode surface (not shown). The dependence of heights of the PC2 and PtPC2 signals 
on cis-platin concentration is shown in Figure 4B. The PC2 signal decreased and PtPC2 linearly 
increased (y = 0.0532x - 5.7079; R2 = 0.9946) in the studied concentration of cis-platin varying from 
100 to 750 µM. The detection limit (3 S/N) of cis-platin ([PtII(NH3)2Cl2]0) calculated from increase of 
PtPC2 peak was about 1.958 pmole in 5 µl (0.392 µM) at the interaction time of 300 s. 
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Figure 4. Cis-platin – [PtII (NH3)2Cl2]0; anticancer drug. Typical DPV voltammograms of 1 mM PC2 
without addition of cis-platin and 1 mM PC2 + 750 µM of cis-platin (A). DPV parameters: time of 
accumulation 240 s, time of interaction 300 s. Dependences of PtPC2 and PC2 peak heights on different 
concentration of cis-platin (B). PC2 concentration: 1 mM. DPV parameters: time of accumulation 
240 s, time of interaction 300 s. For other details, see Figure 2. 

Conclusions 

A development of easy and rapid renewable sensors for the detection of different species is one of 
the most important tasks of analytical chemistry and biochemistry. We suggested a simple sensor for 
the determination of Cd(II) and Zn(II) using a modification of the hanging mercury drop electrode 
surface by phytochelatin. The main advantage of using HMDE in comparison with other solid 
electrodes (carbon, gold and so on) is sensitivity. On the basis of the obtained results we propose that 
the suggested technique offers simple, rapid, and low-cost detection of heavy metals in environmental, 
biological, and medical samples. 
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Introduction 

Electronic noses (e-noses) are more and more widely used in environmental monitoring, food 
production and medicine such as odour evaluation [1-4]. The response of all sensors in the e-nose 
together constitutes a unique profile that gives the “fingerprint” of odour. The noises from the sensor 
array comprised by several odorant gas sensors may result in inaccurate cluster analysis of the tested 
material [5]. In our experiments, it is observed that the noise of gas sensors cannot be ignored. In the 
worst case, the noise magnitude could become up to 20% of the signal magnitude of some sensors. The 
gas sensors of the e-nose have the following features: 

(1) The sensors in the array interfere with each other. 
(2) Different types of sensors are used, some of which have large heating current and power 

dissipation. 
(3) Some sensors require amplifiers with extremely high input impedance (e.g., higher than 

1011 Ohm) that makes them susceptible to interference. 
(4) Some sensors have large dynamic current that produces electromagnetic disturbances to the 

output of other sensors in the same array. 
 
The drawback of the gas sensors lies in: 
(1) The sensors are very sensitive to temperature and humidity. 
(2) The baseline of sensors shifts with time. 
(3) Large noise exists in sensor output. 

This paper is to study the noise features of several typical gas sensors used in the e-nose developed 
in our research laboratory (shown in Figure 1), including their probability distribution functions (pdf) 
and power spectrum estimation, which are essential in noise cancelling [6-8] and odour analyzing by 
noise power spectrum [9]. 

 

Figure 1. Photo of the electronic nose developed in our research laboratory. 
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Typical gas sensors and their noise 

Resistive gas sensors 
The resistive gas sensors we studied are of MOS (Metal-Oxide Semiconductor) such as tin dioxide. 

Figure 2 shows a typical sensor circuit and its interface diagram. Pins 2 and 5 are connected to the 
heater of the sensor, and the resistance between Pins 1 and 6 is designated as Rs. With pure air Rs is 
high. With the presence of detectable gases, Rs changes with the variation of gas concentration. Since 
VC is a fixed voltage, by measuring the voltage on the resistor RL, the change on Rs as well as the gas 
concentration can be calculated. 

This type of sensor features largely in its heater power dissipation ranging from several hundreds of 
milliwatt to 1 watt. The working temperature is as high as 400 oC. This will result in higher resistor 
thermo-noise. Besides, there exist typical semiconductor noises such as Schottky noise, flicker noise 
etc. As the output signal of the sensor is large enough, the interface circuit uses only a voltage follower 
as a buffer between the sensor output and the A/D converter, which makes the system less sensitive to 
external interferences. 

 

Figure 2. Resistive gas sensor and its interface circuit diagram. 

Gas sensors with electromotive output 

Figure 3 shows the circuit of a gas sensor with electromotive output and its interface diagram. There 
is a heater between Pins 1 and 6. A thermometer for temperature compensation is between Pins 2 and 5. 
The electromotive VEMF between Pins 3 and 4 reflects the concentration of detectable gas. Lower 
capability of payload is the main feature of this type of sensor. It requires a pre-amplifier with 
extremely high input impedance at a value over 1011 Ohm. As a result, it has the disadvantage of being 
vulnerable to external electromagnetic interferences in addition to the noise of the resistive gas sensor. 

 

Figure 3. Electromotive gas sensor and its interface circuit diagram. 
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Sensors with dynamic heating 

The above two types of sensors have a fixed voltage for their heaters, the current of which is 
constant, whereas the current of the sensor in Figure 4 is dynamic. The difference between this type of 
gas sensors and the one in Figure 2 lies in the voltage on the sensor heater. Here, the voltage on the 
heater is a pulse signal that results in a large dynamic current as well as electromagnetic interference to 
other sensors in the sensor array of the e-nose. The timing control circuit is used to control the voltage 
applied to the sensor heater and the sampling epoch. Figure 5 is an oscilloscope-recorded waveform 
about the interference before any noise cancelling measure is taken, where the upper channel is the 
voltage waveform of heater in Figure 4, which also indicates the current on the heater. The lower 
channel in Figure 5 is the output waveform of another electromotive gas sensor in pure air that should 
be a straight line without the interference. 

 

Figure 4. Schematic diagram of an odorant gas sensor with dynamic heating and its interface. 

 

Figure 5. Interference on an odorant gas sensor with electromotive output. 

Gas sensors with current output 

Figure 6 shows a typical electrochemical gas sensor and its interface diagram. The working current 
and voltage of the circuit are low and do not produce interference to other sensor’s output. Since the 
sensor’s output current is extremely weak (only several micro amps), it requires the gain of the 
amplifying circuit be up to several thousands. Thus, the whole circuit is more sensitive to external 
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disturbances from other sensors than that of sensors with a lower amplifier gain. The noise is also 
amplified by several thousand times and it has stricter requirement on the equivalent input noise of the 
amplifier. 

 

Figure 6. Gas sensor with current output and its interface circuit diagram. 

Probability distribution function (pdf) of noise 

The histogram method, which has been proved to be an unbiased estimation for a random variable, 
is used to estimate the pdf of noise. The estimation error decreases at a rate of 3/2−N  as a function of 
the total number N of the samples [10]. 

Let X1, X2, ..., XN be independent and identically distributed on [0,1] with N the total number of 
samples. Let m be an integer and h = 1/m. Define the bins as  

B1 = [0, h), B2 = [h, 2h), ... Bm = [(m-1)h, 1] (1) 

Let jp̂ = jv /N and let jv  be the number of observations in Bj. Then the histogram estimation of 
probability distribution function )(xf  is given as: 
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The following two questions should be answered when the histogram estimation method is used: 
1) How to measure the error between )(ˆ xfn  and the real probability distribution function )(xf ?, and  

2) What is the optimal h that makes the approximation of )(ˆ xfn  to )(xf  the best? 

For the first question, we use the risk function or mean integrated squared error )ˆ,( ffR  between 
the two functions to measure the error between )(ˆ xfn  and the real probability distribution function 

)(xf . The function )ˆ,( ffR  is given by: 

{ }∫ −= dxxfxfffR 2))(ˆ)(()ˆ,( Ε  (3) 

where }{⋅Ε  is to calculate the expected value (mean). For the second question, it is obvious that the 

smaller the )ˆ,( ffR , the more closer will be )(ˆ xfn  and )(xf  (with the exception of only some point 

sets with zero measure). When )ˆ,( ffR  reaches its minimum, the best approximation of )(ˆ xfn  to 
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)(xf  is obtained. Since )(xf  is unknown, )ˆ,( ffR  cannot be calculated directly, but its minimum 
can be reached by making )(ˆ hJ  the minimum [10]. The function )(ˆ hJ  is given by: 

)(ˆ hJ = ∑−
+

+
−

m

j
jp

n
n

hn
2

1
1

)1(
2  (4) 

The optimal h that results in the minimum value of )(ˆ hJ  can be obtained by increasing the value of 
m from 1. Here, the corresponding formula in [10] is improved by changing its minus sign between the 
first and the second item into a plus sign according to our experiments. Otherwise, it cannot converge. 

Power spectrum estimation of noise 

The periodical graph and averaged segmenting periodical graph methods were used to obtain the 
power spectrum estimation of noise [11]. For a periodical graph, the power spectrum estimation is 
given as: 

2
)(ˆ1)( kX

N
kS =  k =0,1, ... 1−N  (5) 

where )(ˆ kX  is the modulus of the Discrete Fourier Transformation (DFT) of X1, X2, ..., XN, and N is 

the total number of data sets.  
To highlight the feature of noise, the mean value of data is removed before the DFT. Otherwise, the 

d.c. component (zero frequency) will be too large to show other components. The variance of 
periodical graph is bigger than that of the averaged segmenting periodical graph, but it is useful in 
observing the baseline shifting of sensors (it corresponds to the lower frequency components near zero 
frequency). 

The averaged segmenting periodical graph is obtained by segmenting the data X1, X2, ..., XN into K 
small non-overlapping sections. The length of each small section is M with KM = N. First, the power 
spectrum is estimated for each small section (also remove the mean of the small section before the 
DFT). Then, the power spectrum estimation will be the average of the K small sections. The 
disadvantage of this method lies in its losing of information on sensor’s baseline shifting that is much 
smaller during the small section than that of the whole section. The advantage is its asymptotic 
consistent estimation of real power spectrum. With the increase of M, the variance of the averaged 
segmenting periodical graph approaches zero. By this manner, the power spectrum estimation of the 
small section j is given as: 

2
)(ˆ1)( kX

M
kS j = , k =0, 1, ..., 1−M  (6) 

where )(ˆ kX  is the DFT of X1, X2, ..., XM. The total power spectrum estimation is given as: 
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Experiment results 

Four types of sensors are used in the test: (1) resistive gas sensors (such as TGS813); (2) gas 
sensors with electromotive output (such as TGS4160); (3) gas sensors with dynamic heating (such as 
TGS2442); (4) gas sensors with current output (such as 3ETO). The first three types of sensors are 
MOS sensors produced by Figaro Ltd., while the forth ones are electrochemical gas sensors produced 
by City Technology Ltd. 

Figure 7 depicts the response of the above sixteen sensors, each of which is sampled by a 12-bit 
A/D converter at 6.4 Hz sampling frequency. A charcoal filter (which results in pure air input) was 
used from epoch A. Since no detectable gas appears, the output of sensors is noise only. A pump was 
used to intake the pure air into a chamber within which the sensor array lies. After epoch C, the 
chamber was opened which resulted in the temperature dropping. To get the feature of noise, the 
stabilized data (from epoch B to C) was used to compute the power spectrum and pdf estimation. The 
number of data sets for each sensor used in calculation is 30,000. In averaged segmenting periodical 
graph method, the data were segmented into K=6 small sections with the length of each one as 
M=5,000. In depicting the pdf curve, to highlight the non-zero part, without the loss of generality, we 
normalized the sensor’s output data into [0,1], i.e., let the maximum and minimum of sensor output 
data be Xmax and Xmin, respectively. Then the normalized data will be given as: 

X = (X - Xmin)/(Xmax - Xmin) (8) 

 

Figure 7. Power supply and response of the16 sensors in e-nose. 

Our experiments show that the sensors can be categorized into three types according to their noise 
power spectrum and pdf estimation (see Table 1). Here, a white noise means that its power spectrum 
magnitude keeps almost constant in the whole frequency range except the d.c. and its nearby 
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component, while a coloured noise contains considerable low frequency components besides that of 
the white noise. 

Table 1. Category of sensors according to their power spectra and pdf. 

pdf 

Power spectra 
Single peak Double peaks 

Coloured noise (1) TGS813 etc. (3) TGS830 etc. 
White noise (2) 3ETO etc. N/A 

(1) For the case of coloured noise with a single peak pdf, Figures 8(a) and 8(b) show the time-
domain curve and the power-spectrum estimation curve, respectively. It shows that the power 
spectrum of noise mainly consists of two parts: one is the almost constant-magnitude part filling the 
whole frequency band, and the other is composed of some lower frequency components that may be 
caused by some inherent feature of the sensor and its circuit. Some of them have the same frequency as 
signal; it cannot be filtered out by just a simple low-pass filter.  

 
 (a) (b) 

Figure 8. The noise (a) and its power spectrum estimation (b) of the first type of sensors in Table 1. 

Figure 9 shows the curve of )(ˆ hJ  from equation (4) with h = 1/m. It can be seen that when m = 10, 

i.e., h = 0.1, )(ˆ hJ  reaches its minimum that makes the risk function )ˆ,( ffR  minimum. The h value at 
h = 0.1 makes the estimation of pdf to be optimal. Figure 10 gives the pdf estimation under this h value. 
It is close to a Gaussian distribution. 

(2) In the case of white noise with single peak, the noise in time domain and its power-spectrum 
estimation curve are shown in Figures 11(a) and 11(b), respectively. The pdf estimation is shown in 
Figure 11(c) with the optimal value at h = 1/75. It is similar to a Gaussian distribution. The envelop of 
the noise power spectrum is almost constant in the whole band. Thus, it is reasonable to consider this 
type of noise as normal white noise. For the sensors 3SH (current output) and TGS4160 
(electromotive), their output signals are too weak and the gain of amplifier has to be large enough 
(about 6,000), or the input impedance is too high (more than 1011 Ohm). The noise energy of these 
sensors is much bigger than that of the first type in Table 1, which implies that the noise in this type of 
sensor cannot be ignored. 



Sensors 2005, 5  
 

93

 

Figure 9. )(ˆ hJ  as a function of m. Figure 10. Histogram under the optimal value of h. 

 
 (a) (b) 

(c) 
Figure 11. The noise (a), its power spectrum (b) and pdf estimation (c) of the second type of sensors in 
Table 1. 

(3) For the coloured noise with double peak pdf, Figures 12(a) and 12(b) show the noise in time 
domain and its power spectrum estimation of sensor, respectively. Figure 12(c) is the estimation of pdf 
with the optimal value at h = 1/29. In comparison to the first type of sensors in Table 1, both have 
similar coloured noise power spectrum and many of their low frequency components have the same 
location in the frequency domain. This implies that the inherent features of the sensors are similar, as 
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they are produced by the same manufacturer. The only obvious difference here is that its pdf has 
double peaks, while the first type has only one. The double peaks in its pdf imply the high appearance 
frequency of these two types of noise magnitude.  

 
 (a) (b) 

(c) 

Figure 12. The noise (a), its power spectrum (b) and pdf estimation (c) of the third type of sensors in 
Table 1. 

(4) For some sensors such as TGS830, TGS2600, the remarkable difference exists in their zero 
frequency component of noise power spectrum between the periodical graphs and averaged 
segmenting periodical graph methods. This can be observed when comparing Figure 12(b) and Figure 
13. No peak appears in the nearby zero frequency of the averaged segmenting periodical graph in 
Figure 12(b), which is opposite to its counterpart in Figure 13. It is due to the fact that the sensor 
baseline shifts slowly within the whole time period (the total 30,000 data sets), although in both 
methods the mean is removed. Whereas in each small section (5,000 data sets) the baseline changes 
little and results in almost no nearby zero frequency component. That indicates, of all sensors tested, 
the three types of sensors can work more stably and have much smaller baseline shift than other 
sensors. 
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Figure 13. Power spectrum by periodical graph. 

Conclusions 

The sensor and its interface circuit of four types of odorant gas sensors of an electronic nose are 
investigated and their noise features are analyzed. Several points are worth to be mentioned: 
1.  Since the sensors only work with its corresponding circuits as a whole, the sensor noise here means 

the whole noise from the sensor and its amplifying circuit. The noise is related to the art of 
manufacture, the input impedance of amplifier and its gain. In our experiment, the optimal 
operating circuits and devices recommended by the manufacturers are adopted. So it is reasonable 
to believe those e-noses which use the same type of sensors have similar circuit structure and noise 
feature as we give here. 

2.  The noise in the sensors of the e-nose can be categorized into coloured or white noise according to 
its power spectrum. The coloured noise can be regarded as the white noise plus some stronger low 
frequency components. The pdf of noise is of either single peak or double peaks. 

3.  The noise of resistive gas sensor is coloured one. 

4.  The white noise lies in either electromotive sensor or sensor with current output, which is due to 
either the weak signal or the high input impedance. 

5.  To estimate the pdf of noise, we have used the optimal width (h) for bins in histogram that results in 
the closest estimation to the real pdf in the sense of smallest integrated mean squared error. The 
averaged segmenting periodical graph estimation of noise power spectrum is an asymptotic 
consistent estimator of the real power spectrum. The error of estimation is expected to be small 
enough considering the huge number of data sets. 

6.  The baseline shift of sensor can be observed through comparing the periodical graph and the 
averaged segmenting periodical graph of noise. Of all the sensors tested, the three sensors TGS830, 
TGS2600, TGS2602 can work more stably and have smaller baseline shift than others. They almost 
have no baseline shift in each small section of 5,000 data sets (corresponding to 13 minutes or so). 
But in the whole period of 30,000 data (corresponding to 1.5 hours), there is still baseline shift.  
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Introduction 

Touch-sensitive electronic-nose systems include nonselective sensors and methods of analytical 
signals processing based on the modern artificial intelligence development [1-2]. It is applied, for ex-
ample, to pattern recognition methods and multiparametrical graduation. The multitouch-sensitive ap-
proach allows simultaneous qualitative and quantitative analysis of complex mixtures.  

The use of artificial neural networks (ANN) seems to be very progressive for measuring informa-
tion coming from separate sensors or their combination (the multitouch-sensitive system) [3-7].  

Experimental work 

The main task of the qualitative analysis is the components recognition of aliphatic nitrohydrocar-
bons mixes (AN). The mixes of various mixtures were prepared in a thermostatic amalgamator. The 
analysis was done at 25 ± 0.5 oС.  

The quantitative analysis was carried out in a number of the multicomponent systems simulating 
possible applications of an “electronic nose ". Modeling gas mixes containing AN in amount of 5 103 − 
7.5 102 g/m3 were analyzed. 

Component concentration was measured simultaneously after the appropriate system training using 
the modeling mixes set (24-48), containing AN in various ratios. The "Electronic nose” consisted from 
3 to 6 sensors depending on the task. To minimize the humidity influence, piezosensors were kept in 
the evaporator between the measurements. Before starting the analysis, the touch-sensitive block was 
blown by dried air up to the moment of the constant quartz plate fluctuations frequency. The duration 
of the analysis took 2-5 min. 

The piezosensor analytical signals were processed using linear (principal component analysis) and 
nonlinear (ANN) methods. 

The “electronic nose" application was investigated for the detection of widespread dangerous sub-
stances such as aliphatic nitrohydrocarbons (nitromethane, nitroethane, 1– and 2– nitropropane) in air. 
As piezosensors modifiers, we applied squalan, l-apiezon, 1,2,3-tris(-cianoethoxy)propane, triton Х - 
100, triton Х - 305, triethanolamine. The modifier solution was deposited onto the piezosensor elec-
trode surface with the help of a microsyringe. 

The use of piezosensors is a special case of more general touch-sensitive devices. Piezosensors are 
simple in use, compact and applicable for pollutant detection directly in gas emission. However in 
complex systems, their selectivity is insufficient; the outside components cause significant touch-
sensitive function deviations from the theoretical (linear) dependence (Sauerbrey equation). 

Results and discussion 

The circuit of the multitouch-sensitive gas-sorption system called the "electronic nose" (Figure 1) 
was developed. The sensor included in the system is characterized by a cross-sensitivity to the ana-
lyzed gas environments components and possess rather high signal reproducibility that is easily identi-
fiable through AN. Moreover, the realization of an environment for on-line monitoring is possible; the 
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"electronic nose" is applicable both for chemical component recognition and foodstuff components [1, 
8-10]. 

2
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Figure 1. Circuit of gas-sorption experimental set:1,2 ampoule with compound; 3 intermediate buffer 
capacity; 4 thermostatic capacity; 5, 9 three-running crane; 6 buffer capacity; 7 cell of detecting; 8 
two-running crane; 10 traps for impurity. 

Formal ANN are made from artificial (formal) neurons. The most widespread variant is the Mac-
Culloh and Pitts neuron [8], representing the elementary model of the biological neuron (Figure 2). Its 
functioning is described by the following equation: 
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where RY ∈  − a neuron output; ,Rx j ∈  j  − input neuron signals; jw  − weight factors; F − linear 
or nonlinear neuron activation function with the range of R definition.  

The following sigmoid functions are used as the function of activation: 
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Figure 2. Artifical neuron. 
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For the effective decision of the qualitative or quantitative substances analysis, ANN should pass a 
training stage. In addition, the adjustment of topology, weight factors, and function parameters of acti-
vation or other network parameters are carried out by specially formed training selection. 

At training, the artificial neural networks should have the correct output signals. To achieve, it the 
training sample is made from pairs (zg, xg) . The training is considered to be complete, when the crite-
rion of the quality of training is stabilized at some level. By the way of such criterion residual disper-
sion is applied: 
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where yg is a target signal of ANN. 
At small dispersion, the accuracy of artificial neural networks approximation of the graduation 

characteristic is considered to be sufficient. Once the training comes to an end, if the accuracy is not 
achieved, the complexity of ANN must be increased, increasing k or passing larger number of layers to 
the network.  

The training procedure is reduced to criterion function minimization on the set of possible values of 
wj. For ANN training, the method of back-mistake propagation received the greatest attention and it is 
called the algorithmic version of the gradient method. 

Construction of the sensors graduation parameters 

The graduation of a sensor (gauge, measuring channel) consists in the measurement of the input 
value (factor) and the output signal of X sensor. As a result one has a set of values (Zg, Xg); g=1, N, 
where N is a number of experiences. The unknown quantity is the graduation dependence Z=Z(X) 
found by the results of the experiment. 

The task is reduced to the standard approximation and there are numerous methods and techniques 
to solve it. As the values Zg and Xg can have measuring errors, then in order to obtain the dependence 
of graduation the statistical methods (regression or the confluent analysis) are used. 

The principle of the use of the artificial neural network approach is based on the well-known theo-
rem [8], according to which the continuous function, given on an individual cube, variable quantities 
can approximate with the given accuracy of formal three-layered neural networks. Such networks con-
tain a layer of the input units representing input signal forks. One intermediate (latent) layer and output 
layer (last two layers) consist from formal neurons. In ANN structure, only the neuron number of the 
latent layer k needs solving. To calculate it we use the following ratio: 
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where n and m − are the number of inputs and outputs of neural network accordingly. It is recom-
mended to choose the number k close to the top borders of values.  

ANN provide the exact reproduction of the approximation function so it makes them effective, in 
contradistinction to the traditional methods.  
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The ANN advantages consist in the absence of the necessity of the detailed information of a priority 
concerning the approximation function (in the regress analysis at absence of such information function 
display on basic) and universality. The ANN restrictions are caused by the unusual form of the repre-
sentation of a result as the program simulating the work of a trained network. At the neural network 
approach, the substantial interpretation of the received dependences is also complicated. For example, 
in multitouch-sensitive systems it is impossible to the separate sensors' level selectivity in relation to 
the determined substance or to the range on the information level.  

The responses of multitouch-sensitive system to the influence of aliphatic nitrohydrocarbons С1 - С3 
vapors in a wide range of concentration (0.005-0.075 g/m3) are studied. This interval includes their ex-
treme admissible concentration in the air of the working zone (0.03 g/m3). The ANN structure and its 
parameters are optimized to decrease the detection mistake. The accuracy of detection AN is  
1.5-2.3 %, besides the array did not contain sensors, which were selective to the separate components 
of a mixture. The ANN property to be trained makes them more perspective in comparison with the 
algorithms of the information processing based on the use of the rigid system of the preconditions.  

Thus, the solution of problems of the chemical analysis of complex environments is possible using 
the multitouch-sensitive approach. This approach consists of the simultaneous use of measurements of 
chemical sensor arrays in combination with the mathematical method of data processing, taking into 
account nonlinearity of the response or other distortions of the function of sensors in the multicompo-
nent environment. With the multitouch approach it becomes possible to get the known accurate infor-
mation about the compound concentration in the multicomponent environment. The selectivity of 
separate sensors used as a set does not have any meaning of principle. On the contrary, it is important 
that the sensors have sensitivity to the maximal compound number and differ in parameters of this sen-
sitivity. 

The combination of a matrix of non-selective piezoelectric sensors and the method of signal proc-
essing has resulted in the creation of an analytical device for the qualitative recognition of complex gas 
mixes, and the multicomponent analysis. As required, both operations can be carried out with one ex-
perimental measurement of an analytical signal from an “electronic nose". 
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Abstract: In 1997, the Sensor Web was conceived at the NASA/Jet Propulsion Laboratory (JPL) 
to take advantage of the increasingly inexpensive, yet sophisticated, mass consumer-market 
chips for the computer and telecommunication industries and use them to create platforms that 
share information among themselves and act in concert as a single instrument. This instrument 
would be embedded into an environment to monitor and even control it. The Sensor Web’s 
purpose is to extract knowledge from the data it collects and use this information to intelligently 
react and adapt to its surroundings. It links a remote end-user's cognizance with the observed 
environment. Here, we examine not only current progress in the Sensor Web technology, but 
also its recent application to problems in hydrology to illustrate the general concepts involved. 
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Overview of the Sensor Web 

In its most general form, the Sensor Web is a macro-instrument comprised of spatially-distributed 
sensor platforms [1]. As shown in Figure 1, these platforms, or pods, can be orbital or terrestrial, fixed 
or mobile. Coordinated communication and interaction among the pods provides a local fusion of the 
dispersed data and results in a spatio-temporal understanding of the environment. Specific portal pods 
provide end-user access points for command and information flow into and out of the Sensor Web. 
The NASA/JPL Sensor Webs Project is currently focused on in-situ Sensor Webs, with the resulting 
instrument accessible, in real-time, via the Internet. 

 

Figure 1. Generalized concept of the Sensor Web, including both orbital and terrestrial platforms. 

The Sensor Web’s capabilities are useful in a diverse set of outdoor applications ranging from 
precision agriculture to perimeter security to effluent tracking. Wireless networks of sensors are often 
marketed as replacements for running wire to sensing points. Naturally this holds true for the Sensor 
Web as well, with the individual pods communicating among themselves wirelessly. However, it is 
more significant that the Sensor Web, with its unique global information sharing protocol, forms a 
sophisticated sensing tapestry that can be draped over an environment. This Sensor Web approach 
allows for various complex behaviors and operations such as on-the-fly identification of anomalous or 
unexpected events, mapping vector fields from measured scalar values and interpreting them locally, 
and single-pod detection of critical events which then triggers changes in the global behavior of the 
Sensor Web. 

Wireless networks are not a new approach to environmental monitoring and it is common to find 
systems where remote sensors in the field communicate to central points for data processing in a star-
network formation. The Sensor Web, however, is a temporally synchronous, spatially amorphous 
network, creating an embedded, distributed monitoring presence which provides a dynamic 
infrastructure for sensors. By eschewing a central point on the network, information flows everywhere 
throughout the instrument (see Figure 2). 

So far, this sounds like a typical ad hoc, self-configuring, mesh network. Often, the ideas of 
hopping information around such a network are framed in terms of the power advantage gained by 
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doing so. While this advantage certainly exists, the Sensor Web concept goes one step further: the 
individual pods comprising a Sensor Web are not just elements that can communicate with one 
another; they are elements that must communicate with one another. Whereas wireless networks are 
typically discussed as confederations of individual elements (like computers connected to the Internet), 
the Sensor Web is a single, autonomous, distributed instrument. The pods of a Sensor Web are akin to 
the cells of a multi-cellular organism; the primary purpose for information flow over a Sensor Web is 
not about getting data to an end-user, but rather to the rest of the Sensor Web itself. 

 

Figure 2. The Sensor Web forms an informational backbone that creates a dynamic infrastructure for 
the sensors in the Sensor Web pods. 

By design, the Sensor Web spreads collected data and processed information throughout its entire 
network. As a result, there is no design criterion for routing as in more typical wireless systems. 
Routing, by definition, is a focused moving of information from one point to another. In contrast, 
information collected by a Sensor Web is spread everywhere, rendering meaningless the concept of 
routing on it. Instead, the communication protocol on a Sensor Web is relatively simple and is 
structured for both omni- and bi-directional information flows. Omni-directional communication 
implies no directed information flow, while bi-directional communication lets individual pods (and 
end-users) command other pods as well as receive information from them. Consequently, information 
on the Sensor Web can result from four types of data: (a) raw data sensed at a specific pod, (b) post-
processed sensed data from a pod or group of pods, (c) commands entered into the distributed 
instrument by an external end-user, and (d) commands entered into the distributed instrument by a pod 
itself. The Sensor Web processes this internal information, draws knowledge from it, and reacts to that 
knowledge. 

Since there is no specific routing of information, all pods share everything with each other. After 
each measurement is taken, both raw and processed information from each pod are moved throughout 
the Sensor Web to all other pods before the next measurement is taken. Because the Sensor Web is a 
single, distributed instrument, its internal operations are synchronous from pod to pod (again in 
contrast to more common wireless networks). In this way, the total snapshot associated with that 
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instant in time is available to all pods on the Sensor Web. This global data sharing allows each pod to 
sense phenomena beyond its specific location. Pods may therefore, combine data across the Sensor 
Web to identify a moving front and determine its speed and direction, a task that a single-point 
measurement can not accomplish. Pods may also use neighbours to examine the stochastic nature of 
their local measurements to determine whether or not the data collected are well-behaved. Such 
macroscopically coordinated data processing would not be as straightforward if each pod were semi-
autonomous on the network, as in typical wireless sensor systems. There is a degree of stiffness to the 
information flow over the Sensor Web compared to the individually directed node-to-node information 
threads on more typical wireless systems. The Sensor Web pods may be thought of as individual, 
synchronized pixels in a much larger instrument that can take snapshots at regular intervals of the 
entire environment in which it is embedded and each pixel is simultaneously aware of the overall 
picture as well as its local readings. 

Sensor Web pods 

A Sensor Web pod consists of five basic modules: 
(1) The radio, which links each pod to its local neighborhood. The NASA/JPL Sensor Web pods use 

radios operating in the 900 MHz license-free Industrial, Science and Medical (ISM) band with an 
upper range of ~200 m or more. (Implicitly, we assume none of the in-situ Sensor Webs discussed 
here are deployed underwater, where acoustic modems severely limit bandwidth and 
communication range relative to these ISM radios.) 

(2) The microcontroller, which contains the system’s protocols, communicates with the attached 
sensors, and carries out data analysis as needed. 

(3) The power system. The NASA/JPL system uses a battery pack with solar panels to keep the 
batteries charged. The combination of solar panels and micropower electronic design have kept 
Sensor Web pods operating in the field for years without requiring maintenance. 

(4) The pod packaging. This key module is often overlooked, especially for Sensor Web applications 
in the wild. The package must be light, durable, inexpensive, and sealed against such elements as 
rain, snow, salty sprays, dust storms, and local fauna. In addition, it must provide for easy and 
rapid mounting. 

(5) The sensor suite. This module is completely determined by the specific application. Ideally, the 
sensor suite will, in fact, be the prime-determining factor for the size, cost, and power requirements 
of a Sensor Web pod, making the Sensor Web infrastructure attractive for any application. What is 
considered an inexpensive or small Sensor Web pod in one application may not be viewed as such 
in another. 

We have been conditioned by decades of experience with Moore’s Law (and the technology 
revolution associated with it) to think that smaller is always better. There are certainly practical 
reasons for limiting the size of a Sensor Web pod. In an outdoor environment, smaller and lighter pods 
are easier to deploy since more can fit into, say, a backpack. However, shrinking pods to infinitesimal 
sizes is undesirable for a typical outdoor Sensor Web system. Consider the impact of size with respect 
to three key Sensor Web pod design issues: power, antenna size, and transducers. 
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An important design requirement for typical outdoor Sensor Webs is pod longevity. In many cases, 
deployment is only practical during certain seasons and therefore, intra-season maintenance must be 
avoided. As a result, maximizing the available power, by cleverly using batteries and/or energy 
harvesting, is critical. Batteries are often rated in terms of their energy density (watt-hours per unit 
volume). This is because cells can be added serially to increase total available voltage. The larger the 
volume of the Sensor Web pod, the more volume is available for power from any particular battery 
technology. 

There are only two ways to maintain a given amount of battery power level available while 
allowing the pod volume to shrink: improve the battery technology or reduce energy use within the 
pod. While there are numerous efforts to provide higher energy-density power sources than are 
typically available (e.g,. lithium ion batteries), none are yet commercially available for consumer use. 
In addition, many experimental batteries have limited lifetimes. Moreover, any suitable battery 
technology must be essentially zero-maintenance and environmentally robust (especially to changes in 
temperature, both seasonal and diurnal). As for improving energy efficiency, the laws of physics 
require a certain power output to broadcast a given distance. Therefore, although one can lower the 
energy per bit involved in computation, the wireless communication puts a hard limit on how much 
energy will be required for the system to operate for a given pod-to-pod distance. 

Now, consider energy harvesting which is typically accomplished via solar power charging 
secondary batteries. Here, too, the smaller the platform, the smaller the solar panels used to re-energize 
the system, and the smaller amount of energy that can be harvested for a given panel. Clearly, beyond 
a certain size, the smaller one designs a Sensor Web pod for a given set of operating parameters, the 
more one gives up in terms of longevity with respect to available power. 

Antennas are also directly related to platform size. Again, the laws of physics dictate the 
appropriate antenna geometry for a given operating frequency to ensure a proper impedance match into 
the radiated space. As a result, while the on-board processor and radio electronics may shrink, the 
antenna may not if a particular communication range is required. Without proper coupling, radiation 
efficiency is reduced and power must be increased to the radio to maintain range. We therefore find 
that since most outdoor Sensor Webs required pod-to-pod ranges of at least tens of meters, 
indiscriminate shrinking of the individual antennas clearly compromise the telecommunication 
subsystem. 

Lastly, consider the sensors themselves. many sensors used in outdoor field applications, though 
compact and inexpensive, are not micro-electromechanical system (MEMS) devices and therefore 
cannot be integrated into the Sensor Web pod at the chip level. As a result, for a wide variety of Sensor 
Web applications in an outdoor environment, the sensors will be additional components added to the 
basic pod platform. Clearly, there is little to be gained by continually shrinking the platform if the 
sensors themselves remain the limiting size element. Moreover, shrinking the platform may actually 
complicate the design if it becomes difficult to integrate the sensors into the pod. 

As shown in Figure 3, the NASA Sensor Web pods have been developed in several sizes, including 
that of a gumball and that of a couple of decks of playing cards. Significantly, the gumball-sized pod 
dates back to 1998 [1], demonstrating, even then, that it was relatively easy to make small platforms so 
long as only simple measured parameters (i.e., temperature, humidity, etc.) and short pod-to-pod 
communication distances (i.e., order of meters) were required. Such small pods are ideal for building 
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or factory monitoring, but less practical for outdoor environments for reasons discussed above. From 
this discussion, it is apparent that, while smaller pods are desirable, shrinking pods beyond a certain 
point leads to diminishing returns. 

Fielding a Sensor Web 

With the objective to do real in-situ environmental work, the NASA/JPL Sensor Webs Project has 
been aggressive about fielding instruments. Sensor Webs have been deployed in a large variety of 
demanding real-world locations for many months or even years. For example, Sensor Webs have been 
at the Huntington Botanical Gardens in San Marino, CA, starting with the deployment of Sensor Web 
2.0 in June 2000 and continuing with Sensor Web 3.0, the first permanent wireless sensor network 
system to provide continuous real-time streaming data to users over the Internet, in October 2001. The 
Gardens continue to remain a significant test site for Sensor Web technology [1]. Information about 
other deployments in a variety of environments as well as real-time, streaming data from several 
present deployments, is available on the Internet [2]. 

From the experience of deploying the Sensor Web in a multitude of environments with varying 
conditions, it is apparent that the ease with which the system is deployed is just as critical for 
acceptance by end-users as are its technological aspects. With the exception of applications in 
battlefield theaters, most outdoor Sensor Web applications require the system to be deployed in 
manner that does not harm the monitored environment. For example, end users have expressed 
concerns that if Sensor Web pods are too small, local fauna may try to ingest them and choke. End-
users also want to avoid littering their environment with hundreds of pieces of microelectronic gear. 

Most applications require tracking specific pod location and it is therefore highly unlikely that pods 
will simply be sprinkled over large areas. In addition, coupling sensors into the environment will 
usually prevent such a passive deployment. For example, neither subterranean nor seismic sensors can 
be deployed by a sprinkling technique, as both require laborious efforts for appropriate sensor 
mounting. Consequently, the mounting and placement of Sensor Web pods will be an active operation 
and likely to be done by hand in most instances. 

The methods used to mount the Sensor Web pods depend not only on the application but also the 
particular field site. Pod placement very close to the ground can limit transmission distance. 
Nevertheless, while the Huntington Garden pods are within 10 inches of the ground, they have 
sufficient communication power to keep an adequate pod-to-pod distance. Often, for logistical reasons, 
the Sensor Web pods tend to be mounted higher off the ground with the attendant benefit of increasing 
the wireless distance. Local terrain is rarely level which also tends to increase transmission distances. 
We have typically used posts (for horizontal surfaces) and brackets (for vertical surfaces) to mount the 
pods. These types of mounts are both small enough and light enough to bring into the field yet are 
sturdy enough for fixing the Sensor Web pods rigidly in place for long durations. 
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Figure 3. Various Sensor Web pods. Top: Functioning Sensor Web 1.0 pod, circa 1998. Note the 
small size which includes antenna, battery, and temperature and light sensors. Bottom Left: Sensor 
Web 3.1 pod deployed at the Huntington Botanical Gardens, circa 2002. It is about the size of two 
decks of playing cards. The pod is mud spattered from rain and watering and has a chewed antenna. 
Subterranean sensors (soil moisture and temperature) can be seen going into the ground. Bottom Right: 
A Sensor Web 5.0 pod, circa 2004. This new generation of Sensor Web pods is more compact and 
more power efficient than previous ones, a direct result of exploiting Moore’s Law in its design. 

Sensor Web deployment at a recharge basin facility 

Each year, large-scale flooding affects millions of people around the world with attendant losses of 
property and life. A major limitation in the mapping and characterization of catastrophic floods is an 
inability to monitor them in real-time. For instance, it has been historically difficult to study transient 
hydrologic phenomena such as storm-induced flooding, surface water movements, water infiltration, 
and soil moisture conditions. This limitation has had a direct impact on accurate flood prediction 
systems. The Sensor Web can address this deficiency by providing real-time detection and monitoring 
of both surface water conditions and water infiltration. 
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We have deployed a Sensor Web at the Central Avra Valley Storage and Recovery Project 
(CAVSARP) facility located west of Tucson, AZ [2,3] and shown in Figure 4. The facility is located in 
a desert environment of the semi-arid Southwest United States where the artificial recharge basins 
experience repeated flood cycles. The controlled flooding conditions at the CAVSARP facility are 
ideal for the investigation of various hydrologic processes. Common geomorphologic features related 
to flood inundation observed at the site are analogous to features often found in ancient paleolakes on 
both Earth and Mars and include wave-cut terraces, polygonal-patterned ground, and ridges related to 
drying of basin floor materials. Algal mats are also visible in some of the basins during the drying 
period of the flood cycle. Thus, the flood-related phenomena at the facility are of great interest to both 
hydrologists and terrestrial and planetary geologists. 

There are several technology-related reasons for this site choice as well. The CAVSARP facility, 
with its controlled flood conditions, allows us to continue our efforts to develop the Sensor Web as a 
tool for the study of spatio-temporal phenomena. For example, the Sensor Web can track the moving 
flood front, follow the infiltration of water into the ground, and provide information to map and 
characterize the lateral and vertical extent of the floodwaters. Moreover, the extreme temperature 
variations of the Arizona desert (both diurnal and seasonal) provide yet another test of the Sensor 
Web’s robustness. The deployed Sensor Web had essentially identical hardware to those of previous 
installations [4] and no special provisions were made for the new environment. 

The recharge basins are operated cyclically to allow for routine maintenance of the surface 
conditions. These operations lead to periodic infilling, with a water front progressing across the basin. 
Once the inflow of water is shut off, the floodwaters continue to infiltrate into the ground and the 
drying portion of the cycle begins with the drying front reversing the original flood pattern. The basins 
were constructed to have a smoothly varying elevation, which declines from south to north. As a 
result, the north ends of the basins fill first during flooding and dry last during draining. Existing 
instruments in each basin provide for continuous monitoring of inflow rate at the inlet pipe and water 
height at the deep end. These instruments are connected to a Supervisory Control And Data 
Acquisition System (SCADA), allowing for remote monitoring of basin operations. A visual staff 
gauge is regularly read to confirm the accuracy of the water level sensors. 

A single basin (102), measuring approximately 700×2400 ft2, was strategically outfitted with 13 
Sensor Web 3.2 pods, the number and placement of pods being determined by science requirements, 
rather than technological limitations. As shown in Figure 5, the pods were mounted on stakes to 
elevate them above the flood waters which can rise as high as 7 ft. (While the pods themselves are 
water-tight, pod-to-pod radio communication would not be possible if they were submerged.) Each 
pod, in addition to collecting air temperature, humidity, and light levels also collects two soil moisture 
readings (one at the surface and one 0.5 m below) and a surface soil temperature reading. This is 
accomplished by wires that run from the pod into the ground. Measurements are made at 5 minute 
intervals with the results being fed to the Internet in real-time (via the portal pod 0). Figure 6 shows the 
deployed Sensor Web during a flooding event. 
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Figure 4. Aerial view of a portion of CAVSARP facility showing the location of the Sensor Web pods 
in recharge basin 102. The portal pod (pod 0) is connected to a computer which transfers the data to 
the Internet. In this photograph, recharge basin 103 is drying out, with the wetter soil in the northern 
portion of the basin. In contrast, basin 102 is being flooded with the moving water advancing 
southward. The basins immediately north of 103 and south of 102 are fully flooded. 

 

Figure 5. NASA/JPL team members deploy a Sensor Web 3.2 pod in recharge basin. Extended stands 
allow the pods to stay operational above water during a flooding event. Note polygon patterns in soil, 
indicative of previous flooding/drying cycles. 
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Figure 6. View looking north with recharge basin 102 fully inundated. Pod 11 is clearly visible above 
the rising water. 

Flooding Event Flooding EventFlooding EventFlooding Event Flooding EventFlooding Event

 

Figure 7. Screen-capture of Internet data from CAVSARP facility. Graphs (top to bottom): surface 
temperature (◦C), surface moisture, and soil moisture at 0.5 m depth (relative units; lower values imply 
wetter soil). Diurnal cycles in soil water potential measurements are largely artifacts that can be 
corrected using the soil temperature at the same location and depth. Sensor Web pod 1 (southwest 
basin corner) is in blue, pod 6 (basin inlet, northwest corner) in red, pod 10 (basin center) in green, pod 
11 (southeast basin corner, diagonal from pod 6) in light blue. Data correlate with water discharge into 
basin, inundation, infiltration, drying, and the beginning of another cycle. 
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Preliminary use of Sensor Web in hydrologic studies 

This Sensor Web has been collecting data since its deployment in November 2003. The real-time, 
streaming output from this system was made available via the Internet; a sample screen-capture is 
shown in Figure 7. Unlike remote techniques, which can only observe the basins for relatively short 
durations on finite schedules, the Sensor Web’s data stream provides continuous information for 
tracking surface water motion and ground infiltration. The spatial and temporal patterns of wetting and 
drying can thus, be fully monitored and results incorporated into hydrological models and compared 
with space- and airborne-based investigations [5]. This analysis is ongoing. As a result, this Sensor 
Web can both augment and ground-truth the remote data traditionally used in hydrologic studies. 

The repeatable nature of the flooding/drying dynamics is apparent in Figure 7. The soil moisture 
measurements are made with Watermark sensors [6], where electrodes embedded in a granular matrix 
yield a lower resistance when the surrounding soil is wetter. As a result, the raw data reveals the 
motion of the flooding water as sharp drops in resistance. (The diurnal cycles seen in the raw data are 
sensor artifacts and can be corrected with soil temperature measurements [7].) It only takes a few hours 
for the flood front to traverse the basin from the inlet in the northwest corner to the basin center but a 
much longer time (about 20 hours) to reach the basin’s southwest and southeast corners. Note, too, that 
the water reaches the southern border relatively evenly (as indicated by pods 1 and 11), which is 
expected from both basin construction and the photographic evidence shown in Figure 4. Moreover, it 
is also clear from Figure 7 that the drying front traverses the reverse route, albeit at a much slower 
speed. Not surprisingly, the surface dries more thoroughly than the deeper portions of the ground. 

The raw data can be downloaded using the Sensor Web’s graphical user interface so that these 
initial observations can be further refined into more meaningful hydrologic terms. Soil moisture can be 
described in terms of the forces that retain the water in the soil. At equilibrium, the energy status of the 
water in the sensor’s granular matrix is equal to the energy status of the water in the surrounding soil. 
The electrical resistance measured is then related to the soil water potential by the sensor-specific 
calibration: 

TR
RkPaotentialSoilWaterP

×−×−
×+

−=
01205.0009733.01

213.3093.4)(   (1) 

where R is the sensor resistance in kΩ and T is the soil temperature in ◦C [7]. 

Figure 8 shows the same two flooding events of Figure 7 at a depth of 0.5 m, but with the raw data 
interpreted in this manner. The inlet flow is also plotted. The maximum inflow rate was approximately 
22800 gal/min with the water rising, in this case, to 5.7 ft. The pods examined are on the basin’s 
western border and, again, it is clear that a finite time is required for the moving water front to travel 
south from the inlet (pod 6) to the near corner (pod 1). In contrast, note how rapidly the soil moisture 
at depth increases at pod 6. The slight difference in the temporal aspects of soil wetting between the 
two flood events (most notably at pod 6) is attributable to the fact that the soil moisture sensors were 
planted just prior to the first flood event and therefore, the surrounding soil was disturbed and not as 
compacted as before sensor insertion. The second flooding event therefore, provides data for more 
accurate modeling. Again, the Sensor Web provides a continuous embedded monitoring presence 
which leads to a more refined picture of events. 
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Figure 8. Soil water potential at 0.5 m deep along the west basin border during the first two flooding 
events after deployment. Traveling from north to south, the pods are positioned: 6 (inlet), 15, and then 
1. Also shown is the inlet water rate. 

Figure 9 increases the time-scale of observation. Included now is a third flooding event occurring 
late on January 1, 2004. Notice, however, that this time the inflow is not left on long enough to allow 
the water front to reach the southern side of the basin and the soil at pod 1 continues to dry out. Figure 
10 reveals that, in general, soil water potential at the surface is more responsive than that at depth. This 
type of subterranean measurement, the inferred vertical tracking of water movement and soil drying as 
a function of time, is not possible using remote measurement techniques. Coupled with the large 
spatial extent of the Sensor Web, this temporal vertical tracking will provide a powerful tool for 
understanding transient hydrologic phenomena. 

These preliminary results clearly demonstrate several new methodologies for hydrology created by 
the Sensor Web. Both transient and subterranean hydrologic phenomena can be captured to better 
model and understand percolation in different soil types, and can be captured in native environments 
on a long-term basis. Unlike the information obtained by remote measurements, the data from the 
Sensor Web are continuous and not restricted by orbital paths, flight schedules, or local weather 
conditions. Moreover, the in-situ Sensor Web data can also be compared to remote measurements to 
provide ground-truth. The Sensor Web deployed in the recharge basin is therefore more than just a 
functioning technological test. It is a functioning scientific instrument for hydrologic use. 



Sensors 2005, 5   
 

115

-40

-35

-30

-25

-20

-15

-10

-5
11/13/03 11/23/03 12/3/03 12/13/03 12/23/03 1/2/04 1/12/04 1/22/04

Date
So

il 
W

at
er

 P
ot

en
tia

l (
kP

a)
 

Pod 6
Pod 15
Pod 1

 

Figure 9. Soil water potential at 0.5 m deep along the west basin border. Note that the third flooding 
event did not last long enough to affect pod 1. 
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Figure 10. Comparison of pod 6 soil water potential at two depths. 

Summary 

The primary focus of Sensor Web development thus far has been to demonstrate that the technology 
is stable, robust, and attractive to potential end-users. For a user community to adopt it, however, the 
Sensor Web needs to be more than just well-engineered; it must also be easily deployed and 
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maintained and provide valuable output. The overall simplicity of the Sensor Web system as an 
operational instrument is demonstrated by the fact that most Sensor Webs are deployed and operated in 
a variety of environments (including Antarctica [8]) without requiring assistance from the NASA/JPL 
team. 

As shown by our case study, the Sensor Web can provide important spatio-temporal data needed to 
track transient phenomena. In our hydrology example, these phenomena include flooding and 
infiltration. The simultaneous measurements of temperature and soil moisture at different locations and 
depths make it possible to monitor the changes in soil moisture in different strata. The results also 
provide an excellent opportunity to develop a mechanism for the study of flood dynamics in a 
controlled and well-instrumented environment. The Sensor Web, therefore, has a great potential to 
change our way of monitoring and understanding hydrologic processes on Earth and beyond. Similar 
examples can be found in other environmental studies. 

Having demonstrated many of the Sensor Web’s core capabilities with a myriad of deployments, we 
are now moving Sensor Web development into a new phase, focusing as much on applications as 
technology. The continuous, virtual monitoring and reacting capabilities have wide ranging uses for 
resource management, pollutant tracking, and perimeter monitoring. This step requires us to take full 
advantage of the large-scale awareness already built into the Sensor Web protocols. In this way, the 
output of the hydrologic Sensor Web, for example, would not consist of a collection of scalar 
measurements (soil moisture) but rather a single vector (water motion) with pod-to-pod data fusion 
occurring within the Sensor Web itself. This will truly give the Sensor Web the capacity to make 
sophisticated, autonomous decisions. Indeed, we anticipate that future hydrologic Sensor Webs could 
provide early-stage triggers for satellite monitoring systems to focus on developing flood conditions 
and alerts for downstream communities. As awareness of this unique distributed instrument and its 
capabilities spreads into other user communities, the Sensor Web is expected to become an important 
wireless sensor network architecture. 
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