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Abstract 

This project was designed to identify the sources of problems faced by several Consortium 
members with regard to compliance on the levels of cadmium, mercury and cyanide in their 
wastewater treatment plant effluents. The goals of the project were set out in three parts as 
follows: 
(i) to meticulously investigate the issue of non-compliance, 
(ii) to evaluate and modify where necessary the current analytical methodologies for these 3 
components, and 
(iii) to establish exact and precise protocols for the future accurate determination of these 
components in wastewaters. 

Historical records were evaluated for the levels of each of the three components in the effluents 
of each wastewater treatment plant associated with Consortium members. The laboratory 
facilities at each site were explored, the supervisors questioned on their facilities and techniques 
and their documented procedures examined. Problems associated with mercury and cadmium 
compliance were identified to be associated primarily with practiced methodologies whereas 
elevated cyanide levels were often found to be formed either during wastewater treatment or 
from interferences in the analytical methodology. An alternative procedure for the collection and 
analysis of samples for cyanide analysis was evaluated and utilized in an attempt to determine 
the exact source of false positive levels of cyanide. After determining deficiencies in the 
practiced procedures, a series of quality assured protocols were drafted for each method and 
distributed to laboratory supervisors. Incorporating these procedures, replicate samples were 
collected by UNC personnel and distributed for analysis to the Department of Environmental 
Management Water Quality Laboratory, the University of North Carolina (UNC) laboratory, and 
the utility laboratory (either in-house or contracted commercial laboratory). Quality control 
procedures were in place to validate methodologies. 

On the issue of cadmium and mercury, it  became apparent that for precise measurement of level 
of these components of wastewater effluents at or near the analytical limit of detection, strict 
adherence to the sample collection, processing, and analysis protocols provided by this research 
was rewarded by the generation of accurate, quality controlled data that in many cases assured 
utility compliance with the permit limit when elevated levels were not present in the influent 
water to the plants. 

In the case of cyanide, an extended investigation was carried out which demonstrated serious 
shortcomings in the existing analytical methodology. In consultation with the EPA Office of 
Water and the instrument manufacturer Alpkem Inc, an alternative methodology was 
investigated, participation in a nation-wide round robin application was undertaken, and an 
extensive application of the method was applied to the analysis of wastewater treatment plant 
effluents. It became clear, early in this part of the study, that the most serious cyanide permit 
violations were associated with those plants which practiced terminal chlorination. Indeed, those 
plants which had earlier switched from chlorine to ultra-violet as their disinfection procedure 
clearly demonstrated a reduced incidence of permit violations. By studying the levels of cyanide 
through the treatment train at each plant and on different sampling events, it became possible to 
link many of the apparent permit violations to either artifacts in the effluent sample or the 



generation of cyanide during sample processing. A clearly defined approach to cyanide sample 
collection and preservation was developed which might still be applicable to the currently 
practiced analytical methodology provided clear quality control is demonstrated. This approach 
was distributed to utility participants, and split sampling and subsequent analysis indicated 
improved control over cyanide measurement in the plant effluent. This project has also 
demonstrated that the employment of existing methodologies for the analysis of wastewater 
components at the instrument detection level which is also set as the permit level is consistently 
generating erroneous data due to the high background noise and lack of precision at these levels. 
While the value of setting such low permit levels is not questioned in this report, the employment 
of more sensitive and precise measurement tools which take account of and remove artifacts is 
essential to the justification of enforcement of such levels. At one level, this has already been 
demonstrated by some utilities which have generated sufficient data to demonstrate this point 
that they have been able to persuade the permit regulators to relax the limit. However, this 
approach may prove counterproductive if the levels reported continue to be inaccurate. We 
therefore recommend incorporation of the suggested processes which will help preserve the 
integrity of the sample matrix, the levels of contaminants in the sample, and the accuracy of the 
analytical methodology. Current research being conducted elsewhere will determine if the 
current water quality criteria used to set the permit limits need to be revised. However, once 
these levels are set, application of the protocols described in this report will assist utilities in 
meeting these levels while protecting the receiving waters from the potentially toxic treatment 
plant discharges. 
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Summary and Conclusions 

The conclusions from this research can be summarized as follows: 

(a) When fully implemented, the quality assurance (QA) protocols for sample handling, 
collection, and analysis of cadmium in wastewater effluents results in the collection of accurate 
and reliable data. In cases where detectable levels of cadmium were found in the effluents of 
wastewater treatment plants, these levels were also present in the plant prior to disinfection. 
However, the number of cases in which this occurred was insignificant, and the situation was 
usually alleviated by undertaking repeat samplings on subsequent days. Graphite furnace 
methodologies use EPA Method 213.2 or Standard Method 3500Cd in establishing individual 
Standard Operating procedures. EPA Method 213.1 is followed where direct aspiration into the 
flame of an atomic absorption spectrometer is still employed. 

(b) In the case of mercury, the QA procedures that were implemented indicated serious 
misgivings about the use of the existing cold-vapor atomic absorption methodology for the 
determination of this element at levels close to the instrument detection limit (0.2 ppb). Matrix 
spiked levels in the neighborhood of this limit were either poorly recovered or not recovered at 
all. Our analysis of these results indicates that for practical purposes, a detection limit of less 
than 0.5 ppb mercury in wastewater is inappropriate when utilizing the approved methodology 
(EPA Method 245.1, 245.2 or Standard Method 3500 Hg) and that utilities cannot be held 
accountable for laboratory reported results that fail QA criteria. If the 0.012 ppb limit is to be 
enforced, then samples must be analyzed by EPA Method 163 1 or equivalent. 

(c) Although there was some disparity between the various analytical laboratories on the levels 
of cyanide determined in the same sample, a trend emerged revealing potential interference from 
chlorination (high levels after chlorination, negligible levels before) and the potential presence of 
artifacts (disparity between the results using two different analytical techniques in the same 
analytical laboratory). A more detailed investigation of the potential sources of artifacts in the 
wastewater was carried out at those plants employing terminal chlorination. An analysis of these 
data revealed that currently practiced protocols were insufficient to determine or remove the 
apparent high levels of cyanide (as determined by existing methodologies currently either EPA 
Method 335.2 or Standard Method 4500CN), and suggests that there might be some 
characteristic of the individual waters that is responsible for the apparent high cyanide levels in 
those waters. Furthermore, matrix recovery standards exhibited a wide range of values on the 
same sample analyzed at different laboratories. This basic failure in QA necessitates a complete 
re-evaluation of the current practiced procedures. 

(d) Utilities need to become acquainted with QC criteria and be more proactive in determining to 
their satisfaction that contract laboratories are performing appropriate QC. This report provides 
the criteria that form the basis of performance of analytical laboratories to ensure that the 
methods for accurate quantitation of cadmium, mercury, and cyanide have validity. These 
criteria extend beyond these analytes and can be used across the spectrum of analytical methods 
used in monitoring wastewater treatment plant effluents especially at or near detection limits. 
Utilities can, therefore, use this report to guide them in selection of contract laboratories and to 
ensure that analytical data reported has the associated QC parameters. 





Recommendations 

In order to obtain precise and accurate measurements of trace levels of components of 
wastewaters, it is essential that precise sample handling, processing, and analytical protocols be 
followed. In some cases, this is not emphasized in the prescribed and published methods which 
utilities and their contract analytical laboratories follow. Furthermore, some of the instructions to 
deal with potential interferences are not clear and have even been demonstrated to be insufficient 
or inappropriate. Indeed, in this current study some of the approaches are inadequate to provide 
consistent and quality controlled recovery of the target analytes from the wastewater effluent for 
which the methods are developed. 

Utilities are responsible for the data they generate and provide the State for compliance purposes. 
It is in their strongest interest to assure that the data they receive from their analytical 
laboratories is credible. If their laboratory is not equipped to process trace metals then it is 
essential that such samples be processed by a contract laboratory that is. However, the contract 
laboratory needs to provide data validity by providing to the utility reports showing the 
appropriate quality control steps to validate analysis as described in the appendix. Among these, 
demonstrating acceptable recoveries of spiked levels of cadmium at the quantitation limit is 
essential. 

This report makes the strongest recommendation that utilities put in place a mechanism by which 
they routinely assess the capability of their analytical laboratory to achieve stringent returns on 
their quality control procedures as outlined in the appended protocols. Utilities can incorporate 
their own assessment of the laboratory's capability by occasionally providing their own "blind" 
samples (i.e. effluent wastewater samples spiked in their laboratory with mercury in the range of 
the quantitation limit). 

In the long-term, this report makes the case for an expanded use of new analytical methodology 
for the analysis of mercury and cyanide in wastewaters but in the interim we have provided 
suggestions to help utilities deal with the compounded problems of outmoded analytical 
procedures, invalidated analytical data, and potential artifactual formation (in the case of 
cyanide). In the latter case we suggest the following approaches: 

(i) require their analytical laboratories to provide quality control data especially for spiked 
matrix samples in the 5-10 pg/L range and request that they provide for removal of nitrite 
at the time of sample collection 

(ii) if a plant is currently employing dechlorination, samples should be collected after the 
point of addition of sulfur dioxide as this would be more representative of the water 
discharged from the plant 

(iii) have problem samples analyzed by more than one accredited laboratory. If the reported 
levels are in conflict, provide this information to the State regulatory agencies to which 
you are required to submit routine analytical results. Current laboratory accreditation 
provided by the State needs to be tightened to ease the burden on utilities to identify 
credible facilities to perform these complex analyses. In particular, performance 
evaluation tests need to more accurately reflect the matrix in which target analytes are 

xvii 



measured and cannot rely solely on organic free or deionized water for method 
validation. 

Our final overall recommendation, based on the premise that it is still possible to accurately 
measure the true discharge levels of trace components of wastewaters, requires adequate training 
of laboratory and plant personnel with the handling and processing of samples for trace metal 
analysis and strongly suggests that utilities require evidence that the data they are provided are 
valid. 

xviii 



1.0 INTRODUCTION 

1 .  Cause for Concern 

Analytical methodologies for the determination of trace contaminants of aquatic matrices are 
developed in clean solutions and cannot account for the diversity of components in every tested 
aqueous sample. This is the premise for this project which investigated the problems several 
wastewater treatment facilities have faced in terms of periodic violation of their National 
Pollution Discharge Elimination System (NPDES) discharge requirements with respect to trace 
contaminants. The most frequently cited violations had been for mercury, cadmium, and cyanide 
and coincidentally an increasing number of publicly owned treatment works (POTWs) were 
beginning to report difficulties with compliance. In some cases, the compliance limits are set 
below reasonable practical quantitation limits (PQLs) for some of the practiced analytical 
methodologies and in the case of cyanide there was a suspicion that the analytical procedure 
itself could have been contributing to cyanide formation during sample processing. That 
procedure is also cumbersome, unreliable, and in many cases fails to effectively recover 
measured additions of cyanide in the matrix being analyzed. Moreover, there have been instances 
of "apparent" levels of cyanide in the chlorinated effluents of plants that had no measurable level 
in their secondary effluents. Accordingly, the objectives of the research project were to develop 
workable protocols for analysis of these trace contaminants and to ascertain, using this protocol, 
whether or not the levels of trace contaminants in the effluents from a select group of wastewater 
treatment facilities in North Carolina were truly in excess of their permitted levels. Sources of 
error associated with existing methods of analysis were identified and where demonstrated, the 
causes of elevated levels of these components of wastewaters were investigated. 

The project, designed in three stages, meticulously investigated the issue of non-compliance, 
evaluated and modified where necessary the current analytical methodologies, and established 
exact and precise protocols for the future accurate determination of these components in 
wastewaters. Stage one of the project involved a visitation to each site of the participating 
consortium utilities by the principal investigators to determine historical perspectives on non- 
compliance issues and to learn, first-hand, the techniques applied to the sample collection and 
analysis. The wastewater utilities who participated in this study were; the cities of Burlington, 
Durham, Greenville, High Point, Raleigh and Winston-Salem, the Charlotte-Mecklenburg 
Utilities District (CMUD), and the Orange Water and Sewer Authority (OWASA). The City of 
Greensboro joined the project during the third year. By comparing episodes, the project offered a 
unique ability to locate common threads linking the issues of non-compliance. At each site, in 
addition to extensive discussions on the compliance issues, the facility was toured with special 
emphasis placed on demonstration of sampling and collection for the analysis of the three 
contaminants of interest. This assisted the investigators in determining if there were problems 
associated with sample handling at the plants. The analytical laboratories were also visited and 
analytical techniques demonstrated and discussed with laboratory personnel. 

The second stage of the project involved a comprehensive survey of plant effluents using precise 
protocols for sample handling, collection and analysis. The on-site laboratories of the utilities 
also utilized these approaches where possible, and samples were split between three laboratories 
for a comparison of quality control. These included the laboratories at UNC and the State 



Laboratory as well as either the on-site laboratory or the utility's contract laboratory. During this 
stage of the study, each laboratory was asked to supply information regarding the techniques 
employed. 

The third stage of the project involved a more focused study on the issues surrounding cyanide 
measurement and involved the simultaneous use of different analytical techniques. Furthermore, 
a laboratory study of the employed procedures was undertaken alongside a comprehensive study 
of cyanide presence at each stage of wastewater treatment. 

1.2 Background 

Whereas, the permit levels are set when there appears to be a reasonable potential to exceed a 
water quality criterion for discharge to surface waters, the setting of such disparate levels puts an 
undue burden on those plants regulated at levels close to or at the limits of detection for a 
particular component. The discussion that follows is intended to put the discharge limits in the 
perspective of PQLs for the target analyte. The common theme is that extremely rigid protocols 
would have to be followed from the moment of sample collection bottle preparation through 
sample collection, processing, and analysis to minimize sample contamination and to assure the 
validity of the PQL. Unless the analytical laboratory at the treatment facility is well versed in the 
requirements of maintaining a contaminant-free environment, field and travel blanks are likely to 
exhibit levels of target species above the NPDES permit levels when these are set at or close to 
the PQL for that analyte and this invalidates the methodology. Of course, if such controls are not 
routinely monitored, the actual sample analysis could reveal a false positive. Approved contract 
laboratories are likely to afford a higher level of integrity during the chain of command that they 
are directly involved in. However, sample integrity can be quite easily compromised during 
sample collection. 

1.2.1 Sampling Techniques 

NPDES perrnits require 24-hour composite samples to be collected for metals analyses. Any 
spike that may have occurred during the collection period is smoothed out by the bulk content of 
the sample, and specific information on an individual sample contributing to the composite is 
lost. However, unless the sampling design guarantees control over sources of contamination, the 
process may be flawed. EPA Method 1669 (US EPA, 1983) specifies approaches for cleaning 
tubing and sample containers and apart from the peristaltic pump head, all tubing should be non- 
metallic. Samples intended for the analysis of metals should, of course, be handled in a metal- 
free environment. Human contact with the sample collection process should be minimized but 
when it occurs, sources of contamination should be absent. Full clean suits and non-talc 
containing gloves might, for example, be worn and metal objects removed. Samples collected for 
cyanide analysis are usually specified as grab samples and Method 1669 provides guidance and 
procedures. In particular, it is suggested that clean hands be used to handle the sample container 
while a different pair of hands manipulate other equipment such as the sample collection tool. 
The latter should not contain any components that could cross-contaminate the sample and the 
sample should be collected away from the sidewalls of the holding vessel. It is preferable to 
assess the sampling technique by utilizing a field blank that accompanies sample collection 
bottles and which can monitor any source of contamination during sample collection and 



subsequent handling. The type of sample collection bottle also impacts the ability of the 
analytical procedure to accurately measure effective levels of trace elements and must be 
carefully selected to prevent loss of analyte through adsorption to the bottle surface. For 
example, polypropylene containers have exhibited high background levels of cadmium, and acid 
treatment tends to further leach this material from the bottle's surface (Struempler, 1973). 
Polyethylene containers indicated no adsorption of cadmium from a collected sample when 
stored at pH 2. 

1.2.2 Trace Components in Wastewater and Associated Regulatory Issues 

1.2.2.1 Cadmium 
NPDES discharge limits for cadmium in wastewater effluents are usually set at 2 pg/L per grab 
sample. Background contamination and false positive analyses of samples will occur if sample 
handling, digestion, reagent and glassware preparation are carried out in a laboratory space 
which is not metal- or dust-free. An additional source of error is the use of inappropriate acids. 
While general reagent-grade acids can be used for cleaning purposes, certified trace-metal grade 
acids are essential for digestion and for preparation of solutions and need to be stored away from 
the general use acids to prevent incorrect use. Another common source of cadmium 
contamination is in the powder used inside some laboratory gloves, and from articles of clothing 
as well as wrist watches which contain metal parts. It is, therefore, preferred that laboratory 
personnel collecting samples for cadmium analysis wear tyvex coveralls. Needless to day, any 
compromise on any one of these precautions may compromise the analytical results. 

In the case of cadmium, a method detection limit of 1.4 pg/L can be achieved only when clean 
procedures are employed during the collection and handling of samples both in the field and in 
the laboratory. In addition, adequate quality assurance and control procedures need to be in place 
to document reliable recoveries at such low levels for the wastewater matrix. Often, however, it 
is in the plant's interest to document such high level protocols to determine whether indeed the 
trace metal is really present at levels above water quality criteria guidelines. With the use of 
additional sampling using clean techniques and analysis, unless there is a known source of 
cadmium discharge to the influent plant water, plants are, in many cases, able to demonstrate the 
lack of reasonable potential to exceed the water quality criteria and thereby have their permit 
levels relaxed. 

1.2.2.2 Mercury 
The current compliance limits (0.012 p a ) ,  where issued, are below detection limits for 
routinely used methods of analysis e.g. EPA Method 245.1 (USEPA, 1983) or Standard Method 
3 1 12B (APHA, 1999). Utilities submitting values below the detection limit are treated as having 
zero mercury for compliance purposes. However, the State recognizes a utility to be in 
compliance if the averaged sample results are below the current method detection limit (0.2 
p a ) .  This necessitates the analysis of samples in a very clean metal-free laboratory 
environment, otherwise trace contaminants could compromise sample integrity. However, unless 
method detection limit (MDL) studies are routinely carried out, it may not be possible to validate 
quantitation limits until a sample analysis appears to be out of compliance. 



In an attempt to remove itself from this quagmire, EPA published in 63 F.R. 100 (May 26, 1998) 
Method 1631 which is about 200 times more sensitive than the currently approved methodology 
(Method 245.1) which employs a cold-vapor technique. This new technique utilizes a closed 
system to purge mercury for the aqueous sample onto a gold trap where it is subsequently 
desorbed into an atomic fluorescence spectrometer with a detection limit of 0.5 ng/L. However, 
even with a technique which theoretically could provide measures of mercury below the 
currently permitted level, ubiquitous levels of mercury in the surrounding environment could 
provide such noise or background levels to measurements that adequate QAIQC might not be 
possible. Consequently, there will not be a smooth path to incorporation of this technique for 
compliance monitoring purposes and in the meantime the challenge for utilities is to provide for 
field blanks and laboratory analysis that produce a non-detect (below 0.2 p a )  with the current 
technique. Utilities with a mercury permit are considered to be in compliance if their composited 
samples produce a non-detect, but clearly this approach will have to be modified if water quality 
criteria levels are being compromised because of inadequate sample analysis practice. 

1.2.2.3 Cyanide 
The issue with cyanide, as with mercury and cadmium, is the analysis at levels at or near the 
method detection limits, a process which by itself is cause for large analytical errors. In order to 
be an effective measurement technique, the recovery of cyanide from the specific wastewater 
matrix needs to be evaluated at each stage of the procedure, MDLs need to be determined, and 
procedures incorporated to eliminate the effects of all interferences. 

The major point sources of cyanide released to water are discharges from publicly owned 
treatment works (POTWs), iron and steel production, and organic chemical industries (Fiskel et 
al. 1981). Cyanide salts have such varied and diverse applications today that they are appearing 
in the influent waters of more POTWs than in the past with the consequent burden on the 
treatment plant. Those industries that handle cyanide wastes use a variety of methods in their 
pre-treatment processes to remove them before they are discharged from the plant. Among the 
more traditional processes are alkaline chlorination, which converts cyanide to the less toxic 
cyanate, electrolysis, which converts to carbon dioxide, or ozonation. Thiocyanate may also 
reach POTWs from coal processing, gold and silver extraction, and mining wastes. Complex 
cyanides may form when free cyanide (that associated with the alkali metals or ammonia) comes 
into contact with heavy metals from electroplating wastes. Each of these species may undergo a 
degree of transformation during wastewater treatment depending on the acclimation of the 
microorganisms. An aerobic biotransformation of free cyanide to ammonia and carbon dioxide 
was observed by Richards and Shieh (1989) and a similar microbial degradation of both free and 
complex cyanides was identified in mining wastes (Boucabeille et al., 1994). However, in spite 
of vigorous efforts by industrial pre-treatments to limit the levels of cyanide reaching POTWs, 
there are records traced back to the early 1970s that indicate detectable levels of cyanide in both 
primary and secondary effluents (Young, 1978). Since the discharges from POTWs usually reach 
receiving streams that are often the breeding grounds for various species of fish or which become 
the raw water influent of downstream drinking water treatment plants, water quality criteria have 
been developed for cyanide with the aim of determining an upper limit on the levels of 
permissible cyanide discharge into these streams (U.S. EPA, 1984). The toxicity of cyanides is 
highly dependent on the cyanide form. Free cyanides (HCN and CN-), particularly HCN, are 
considered the most bioavailable and most toxic form while complexed cyanides have been 



shown to be significantly less toxic than free forms. At the present time the National Ambient 
Water Quality Criteria for cyanide are as follows: 

Acute Chronic 
Freshwater 22 P P ~  5.2 ppb 
Saltwater 1 P P ~  

The national ambient water quality criteria for cyanides are based on the results from bioassay 
tests using free cyanides. However, the U.S. Environmental Protection Agency (EPA) currently 
recommends applying the criteria based on the total recoverable cyanide measurement. This 
approach is overly conservative due to the lower toxicity of complexed cyanide forms and has 
resulted in a number of dischargers having very stringent cyanide limits, even though the cyanide 
in many of these discharges may be in a non-toxic form. The EPA's basis for setting the criteria 
using the total recoverable form is based on the concern over the conversion of complexed 
cyanides to free cyanide forms in the natural environment as a result of photolysis and pH and 
other conditions, and the lack of an accepted technique for measuring free and weakly 
complexed cyanide forms (U.S. EPA, 1984). In addition, the water quality criteria do not address 
the effect of natural water matrices on the bioavailability and toxicity of cyanides. The 
laboratory tests used as the basis for water quality criteria are generally performed using 
synthetic laboratory dilution water, which does not fully reflect actual field conditions. 
Consequently, there is some question as to the legitimacy of regulating total cyanide in 
wastewater treatment plant discharges. Both at the national and local level, regulating authorities 
may be attempting to overcompensate for what might have been perceived as a previous lack of 
attention to the quality of POTW effluent discharges by imposing very low total cyanide permit 
limits. An increasing number of POTWs are reporting difficulties in complying with these levels 
and some are facing legal action by public challengers in the light of being unable to control 
these "apparent" permit violations. Part of this problem is the impossible burden placed on 
utilities and their contract analytical laboratories to determine cyanide levels often at or below 
the practical quantitation limit set by EPA (10 pg/L) for the currently approved analytical 
methodology (US EPA, 1983). In addition, the analytical methodology is cumbersome, 
unreliable, and in many cases fails to effectively recover measured additions of cyanide in the 
matrix being analyzed. Moreover, there have been instances of "apparent" levels of cyanide in 
the chlorinated effluents of plants that had no measurable level in their secondary effluents. 

It is apparent, from this introduction that three issues face wastewater treatment plant operators 
on the issue of cyanide compliance; 
(i) the existing analytical methodology "may not accurately reflect actual cyanide concentrations 
found in wastewaters" as stated in 60 F.R. 228 (Jan 19, 1995). 
(ii) the water quality criteria developed for cyanide may be suspect if they used inadequate 
analytical methodologies, 
(iii) these criteria may be being applied unfairly in the promulgation of permit levels; in 
particular if they were developed for free cyanide but are being applied for the total cyanide 
containing species. 

Table 1 illustrates a variety of methodologies that have been used for the analysis of cyanides in 
these matrices. The most significant problem associated with sample collection is the instability 



Table 1. List of Methods Employed For The Analysis of Cyanides in Wastewaters 

Preparation Method Analytical Method Detection 
limit 

Percent Reference 
recovery (%) 

Reflux-distillation; absorption 
of released HCN in NaOH; 
treatment with chloramine-TI 
pyridine-barbituric acid 

Addition of sample to buffered 
methemoglobin 

None 

None 

Complexation with 2-benzoyl- 
pyridine thiosemicarbazone; 
solvent extraction 

Sample filtration 

Automated thin film 
distillation; UV irradiation 

Sample filtration 

colorimetric 10pgL (total) 

spectrophotometry 0.2pg/mL (free) 

flow injection analysis 3ng/mL (free) 
spectropho tometry 

flow injection ligand 
exchange; amperometry 1pgL (free) 

flame AAS 4.8ng/mL (free) 

ion chromatography; 
amperometry 

colorimetry 

21gL (free) 

1 p g L  (total) 

HPLC; post-column 
derivatization; fluorimetry 0.1 ng/mL (free) 

not reported 

98 

US EPA 1983 

Tomoda & 
Hashimoto, 199 1 

Kuban, 1992 

Nikolic et a1 , 
1992 

Chattaraj & Das, 
199 1 

Liu et al. 1990 

Kelada, 1989 

Surniyoshi et al., 
1995 



of the cyanide species. (Cassinelli, 1986). Although the sample pH is usually raised to greater 
than 11, carbon dioxide from air may react with the solution during storage, lowering the pH and 
releasing hydrogen cyanide gas. Oxidizing agents can transform cyanide during storage and 
handling, necessitating the addition of a quenching agent for any residual disinfectant. However, 
there are numerous reports of interferences from the various quenching species employed (Water 
Environment Laboratory, 1994; Delaney et al., 1997; Carr et al., 1997). Procedures for extracting 
cyanide from aqueous matrices usually involve acidifying the sample followed by heating and 
refluxing to evolve gaseous HCN which is then trapped in an impinger containing sodium 
hydroxide. The most commonly used methods for the analysis of cyanide in wastewaters are 
Standard Method 4500 CN (APHA, 1999) or EPA Method 335.4 (US EPA, 1983). These 
methods involve the digestion of a preserved aqueous sample which converts complex 
metallocyanides into hydrogen cyanide. The latter is distilled from the wastewater and absorbed 
into sodium hydroxide producing soluble sodium cyanide which is then converted into cyanogen 
chloride. Finally, this product forms a chromophoric complex whose absorbance, as measured by 
spectrophotometry, is proportional to the amount of total cyanide present in the original aqueous 
sample. Cyanide recovery from the water matrix during distillation is a function of both sample 
pH and time of distillation both of which may contribute to cyanide formation (and thus false 
positive results) by conversion of other nitrogen-containing species or to cyanide loss through 
catalyzed chemical reactions. Interferences in the method may lower the recovery of cyanide. 
The presence of hydrogen sulfide in the distillate affects the colorimetric analysis. If this 
interference arises from the presence of sulfides in the original sample, which can be measured 
by a cursory lead acetate test or a more accurate ion chromatographic measurement, the sulfide 
may be precipitated by measured use of cadmium carbonate. Sulfides which undergo oxidation 
during distillation may convert cyanide to thiocyanate contributing to cyanide loss during the 
procedure. If the interference source is determined to originate elsewhere, an altemative 
distillation procedure may be investigated. Nitrite and/or nitrate will form nitrous acid during 
distillation which can react with organic material to form oximes and these in turn can generate 
hydrogen cyanide during distillation. Sulfamic acid is commonly used to remove these 
interferences and will undergo similar scrutiny. Oxidizing agents such as disinfecting agents 
now used at the plant effluent prior to discharge, decompose cyanides and, therefore, need to be 
quenched from the aqueous sample prior to analysis. Ascorbic acid has been used for this 
purpose for various analytes but has recently been shown to enhance the intensity of the 
colorimetric product used in the analysis resulting in a false positive value of cyanide 
concentration (Water Environment Laboratory Solutions, 1994). 

Alternate methods for cyanide measurement include continuous monitoring based on 
amperometric detection which has been successfully applied for the measurement of free 
cyanides (Nikolic et al., 1992; Milosavljevic et al., 1995) and ion chromatography which can 
speciate between free and complex cyanides (Rocklin & Johnson, 1983). It is clear that an 
altemative technique to the existing EPA approved methodologies should take advantage of 
modem separation techniques using automation and providing for rapid sample throughput with 
minimal sample handling. 



1.3 Objectives 

This study provided for a historical review of data collected relating to the levels of cadmium, 
mercury, and cyanide in each wastewater treatment plant operated by the members of the Urban 
Water Consortium in North Carolina. This was followed by a rigorous quality assurance study 
using clean procedures in terms of recovery of the trace component from a series of synthetically 
modeled as well as true effluents in the presence of a wide variety of inorganic and organic 
components. Interlaboratory analysis was also carried out to determine comparative results using 
currently practiced techniques by the utilities with the modified "clean" approaches. An 
evaluation of procedures was provided to the utilities to demonstrate the efficacy of 
incorporating these procedures into the sampling and analysis protocols, and demonstration of 
actual levels of these components in the utility waters was provided. A summary of the 
deficiencies of currently practiced procedures was provided. In the case of cyanide, a more 
comprehensive study was undertaken. Approaches to disinfectant quenching were evaluated and 
PQLs determined using the existing methodology. Modifications to the methodology were 
implemented to optimize its use. An alternative, more reliable, sensitive, and interference-free 
methodology was developed alongside the existing method using the same criteria just described. 
The method utilizes flow injection, for continuous and rapid sample monitoring, UV irradiation 
for digestion of complex cyanides, gas diffusion for separation of HCN away from the sample 
components, and amperometric detection. The quality assured methodology was applied to 
determine the fate of cyanide species throughout wastewater treatment plants and in laboratory 
simulated effluent treatments. The impact of chlorination on potential cyanide formation during 
wastewater treatment was studied by comparing plant-generated W disinfected secondary 
effluents to the chlorinated effluent performed in the laboratory. Where cyanide formation during 
treatment was identified, analytical techniques were used to identify the effluent precursors and 
thereby the potential sources. It is clear that the use of a precise and reliable analytical procedure 
is required to permit an accurate reassessment of the water quality criteria for cyanide and in turn 
this will provide POTWs and regulating authorities with the tools to measure and control cyanide 
levels in plant discharges. 



2.0 SAMPLING AND PROCEDURES 

2.1 Historical Data Review 

Early in the project, eight of the Consortium members were visited; namely Burlington, Durham, 
Greenville, High Point, Raleigh, Winston-Salem, the Charlotte-Mecklenburg Utilities District 
(CMUD), and the Orange Water and Sewer Authority (OWASA). At each utility, the project 
team met with the plant superintendents and their laboratory staffs to discuss the project, its 
purpose and goals, and to clarify particular problems relevant to this study pertaining to that 
utility. During each site visit, a tour of the wastewater treatment plants was taken with particular 
attention paid to the sample collection points, sample collection procedure, and chain of custody 
protocols. In the laboratory, sample handling and processing was discussed and demonstrated 
and quality assurance data discussed. In order to best document the comparative monitoring of 
the three targeted parameters (cadmium, cyanide, and mercury) it was decided to collect data for 
the permit seasons in the two years prior to the beginning of this project, i.e. for winter, 
November 1, 1994, to March 3 1, 1995, inclusive and for summer, April 1 to October 3 1, 1995 
inclusive. The general plant parameters of effluent quality for participating utilities are presented 
in Table 2. For the purpose of protecting the identity of the individual treatment plants, both 
utility and plant are coded where specific details of plant water character are provided. All data 
in Table 2 are presented both as a seasonal average and also as a range of levels measured during 
that season to indicate extremes. The biological oxygen demand (BOD), chemical oxygen 
demand (COD), and total suspended solids (TSS) levels are presented to assist in determining 
any correlations between non-compliant levels of targeted analytes and organic load and solids 
content at the plant. Ammonia and TKN levels are presented to illustrate potential interferences 
of side-reactions involving residual chlorine, ammonia, and sulfur dioxide, if used for 
dechlorination, during cyanide analysis. The summary data for cadmium, cyanide, and mercury 
are presented in section 3.0. 

2.2 Evaluation of Existing Methods 

In order to determine existing sample processing and analytical capabilities, questionnaires were 
compiled for each of the three target species which sought precise responses to each aspect of the 
sample collection, handling, and analysis procedures. In cases where utilities collected samples 
for shipment to commercial laboratories, we requested that they forward the questionnaires to 
those laboratories. These questionnaires are presented in Appendix A and when completed were 
used to ascertain each utility's capabilities relating to sample collection, handling, and analysis 
for cyanide, cadmium, and mercury. Utilities were initially reluctant to submit copies of the 
questionnaires to their contract laboratories but we encouraged them to use the opportunity to 
seek answers to questions about the laboratory's practices that they had often asked in the past 
but for which they had often received less than adequate responses. We offered ourselves as 
resources to answer any probing questions the contract laboratories might have about these 
questionnaires. Copies of the questionnaire were also sent to the State Water Quality Laboratory 
in Raleigh and although we did not receive complete responses, we have been sent a collection 
of comments from their laboratory personnel on the approaches suggested in our protocols 



Table 2. Historical General Effluent Parameters for Partici~ating Wastewater Treatment Plants 
Utility 

Name 

Average 
Range 

Average 

Range 

Average 
Range 

Average 
Range 

Average 
Range 

Average 
Range 

Average 
Range 

Average 
Range 

Average 
Range 

Average 
Range 

Average Flow 

winter 1 summer 
13.5 12.91 

8.45-31.7 7.62-25.7 

I U 

Effluent Parameters (winter = Nov. 1 - March 31: summer = April 1 - Oct. 31) 

BOD 
winter 1 summer 

concentrations are in mg/L 

COD 
winter I summer 

TKN 
winter 1 summer 

NH3 -N 
winter I summer 

TSS 
winter I summer 
5.22 4.75 

2.0-47 <1-52 

LEGEND 
NR - not reported 
NA - not available 





Table 2. Historical General Effluent Parameters for Participating Wastewater Treatment Plants 

G 1 9 Average 
Range 

H 1 3 Average 
Range 

2 14.67 Average 
Range 

3 15 Average 
Range 

4 48 Average 
Range 

5 6 Average 
Range 

Average Flow 

winter summer 

Sffluent Parameters (winter = Nov. 1 - March 31: summer = April 1 - Oct. 31) 1 

BOD 
winter 1 summer 

concentrations are in mg/L 

COD 
winter I summer 

TKN 
winter summer 

NH3 -N 
winter I summer 

TSS 
winter I summe, 

LEGEND 
NA - not available 



Table 2. Historical General Effluent Parameters for Participating Wastewater Treatment Plants 

G 1 8 Average 
Range 

H 1 3 Average 
Range 

2 14.67 Average 
Range 

3 15 Average 
Range 

4 48 Average 
Range 

5 6 Average 

Range 

Effluent Parameters 
concentrations are in mg/L 

pH 
winter I summer 

Chlorine dose 
winter I summer 

C12 residual 
winter I summer 

SO2 dose 
winter 1 summer 



A meeting held with Division of Water Quality (DWQ) personnel at the State Water Quality 
Laboratory was intended to gather all the parties associated with method implementation and 
compliance at the state level, to apprise them of this project, and to learn the steps that might be 
necessary in the event that this project showed inadequacies with the current process of cyanide, 
cadmium, and mercury monitoring and compliance enforcement. DWQ units represented at this 
meeting were: Aquatic Toxicity and Testing, Water Quality Laboratory, Quality Assurance and 
Control (QAIQC), Compliance Limits, Metals Standards Development, Contract Laboratory 
Certification for both Biological and Chemical Analytes, Water Quality Standards, and Permits 
and Engineering. The clearest message resulting from this meeting was that each utility is 
responsible for the data it generates either in-house or through its contract laboratory. This 
implicitly suggests that it is the responsibility of each utility as the client to ensure that the work 
provided by its contract laboratory meets the highest standards of QA and QC. It was clear from 
this meeting that, given its present resources, DWQ cannot ensure the use of consistent, sound, 
quality-assured analytical practices in the "certified" laboratories. It was also implied that if these 
laboratories were scrutinized on a continuing basis, a number of them might lose their state 
certification. In light of these remarks, we were very keen to review the questionnaires 
completed by the contract laboratories which would reveal the QA and QC procedures that they 
employed. 

The next step in this project was to examine each of the published and practiced procedures for 
the three target species in our own laboratories. Through discussions with US EPA laboratories, 
consulting engineers, commercial and utility laboratory personnel, and the State Water Quality 
Laboratory, and an evaluation of the relevant literature, we were able to draw up precise 
procedures for the practice of the methodologies in a way which would maximize their 
usefulness. These Standard Operating Procedures (SOPS), presented in Appendix B, were offered 
to the utilities in anticipation of their willingness to incorporate them into their practice. These 
protocols took into account specific problems associated with sample collection, handling, and 
processing that were identified during a review of the utility responses to the questionnaires as 
follows: 

composite sampling has a high potential for inadvertent contamination and might be 
assessed with simultaneous controlled grab sampling, 
field personnel need to be trained in clean sampling techniques and to wear metal-free 
overalls and gloves during sample collection and handling, 
contact between sample and metal-containing materials and air needs to be minimized, 
all apparatus which comes in contact with samples needs to be metal-free; new containers 
will be compared to recycled, cleaned containers, 
certified metal-free acid must be used, 
method detection limits (MDLs) need to be determined by each analytical laboratory for 
each analyte in the matrix of concern, 
quality assurance and control procedures need to be incorporated and should include; 
a) MDL determination at the permit level 
b) blank spikes at the determined MDL, permit limit, and at expected levels in 

typical samples 
c) field screening for potential interferences and appropriate pre-treatment to remove 

them 
d) preparation of homogenous, representative split samples 



e) appropriate preservation of split samples 
f) spiked samples at 1.5 to 2.5 times the MDL, permit limit, and the expected levels 

in typical samples 

Utility laboratories were then given the opportunity to respond to their perceived ability and 
willingness to prepare, collect, and analyze samples by both existing techniques and those 
indicated by the protocols. Project personnel provided assistance to those utilities interested in 
these new approaches. In each case, we determined which aspects of the protocols could be 
expected to be handled by the utility. 

2.3 Interlaboratory Analysis of Wastewater Effluents 

Given their limited resources (both in manpower and logistics), most of the utilities found the 
sample analysis protocols of Appendix B to be too burdensome for implementation, at least 
during this project. Consequently, we decided that the best approach for implementation of the 
protocols was for UNC personnel to prepare the sample collection device, sample bottles, 
reagents, glassware, and spiking solutions and to personally visit each plant to collect samples. 
On-site personnel were encouraged to observe and participate so that they could make a future 
judgment as to the feasibility of the proposed sampling procedures at their plant(s). The site 
personnel were asked to collect their samples for routine analysis of the three analytes as they 
would norrnally do using their traditional sampling procedures and sample bottles at the same 
time as UNC personnel were collecting samples for analysis at UNC and at the State Laboratory. 
Additionally, duplicate samples for UNC, the State, and the utility were collected using the 
modified procedures and brought back to the on-site laboratory where they were spiked with the 
analyte at levels close to the declared practical quantitation limit (PQL). The anticipated result of 
this experimental design was that UNC samples would be quality assured through the complete 
cycle of protocols (sample collection, handling and analysis), samples for the State Laboratory 
would be collected and handled (personally delivered to the State Lab) according to the 
protocols, and utility samples would be collected according to the protocols. A comparison of the 
results for each of the samples would assist in determining where sources of error lie. 

Participating utilities agreed to use a routine monthly DWQ compliance monitoring event as an 
opportunity to provide split samples for analysis by a variety of laboratories and through use of 
different procedures. On the same day that samples were collected using established procedures, 
a second set of samples were collected using the modified methods as presented in the 
procedures of Appendix B. Those utilities that had the capabilities to perform the analyses in- 
house, prepared their laboratories to do so for this event regardless of whether they would 
normally have sent the samples to a commercial laboratory. It was clear, of course, that we had 
no jurisdiction over the commercial laboratories and that we would be able only to assure 
adherence to the protocols by the directly interested parties. In all cases, an additional set of 
samples was collected by the same protocols for analysis at UNC and the State Laboratory. The 
results of analysis of the split samples were intended to demonstrate the variability of analytical 
results as a function of the level of quality control by the different approaches. A sample 
collection information sheet accompanied all sample shipments, and an illustration of this is 
presented in Appendix C. 



2.4 Techniques for the Analysis of Cadmium 

Various analytical procedures are published in standardized form for cadmium analysis in 
wastewater. Both EPA Methods 213.1 and 213.21 (EPA, 1983) and Standard Methods 3 11 1B or 
31 13 (APHA, 1999) lay out clear and concise procedures for ensuring quality controlled 
analytical results yet, without attention to the detail of sample handling, ultimate results may be 
invalid. The first of each of these pairs of methods refers to the application of direct flame atomic 
absorption spectrometry (AAS) for instrument detection of cadmium. A distinct disadvantage of 
this method is the lack of sensitivity achieved by direct analysis of the aqueous sample. At a 
practical quantitation limit in the region of 20-25 pg/L, samples need to be preconcentrated 
usually by evaporation of a predetermined volume of sample. This entails additional sample 
handling which often exposes the samples to extraneous sources of contamination and to certain 
degrees of inaccuracy clearly inadequate to achieve reliable and precise results at an order of 
magnitude lower than the PQL. The second method in each pair refers to the use of graphite 
furnace (electrothermal) atomic absorption spectrometry, an approach which can yield an 
instrument detection limit (DL) as low as 0.1 pg/L under prescribed operating conditions. 
However, this method too is subject to many interferences. Some of these can be removed by 
instrument design while others require sample pre-treatment. Molecular absorption interference 
can be compensated for by a deuterium arc background correction utility installed in the 
instrumentation. Matrix modifiers are usually incorporated to obtain a dependable maximized 
recovery technique, and temperature ramping of the furnace temperature can be used to increase 
sensitivity by minimizing background absorbance. For both applications of AAS, the 
spectrometer should always be calibrated prior to use at the optimal wavelength for cadmium 
(228.8 nm) by use of dilutions of cadmium atomic absorption standards. Because both flame and 
graphite furnace approaches are approved for the analysis of wastewaters, it is essential that 
SOPS be established which conform to good laboratory practice and which take account of all 
possible sources of error and contamination. These should include at a minimum, determining 
cadmium recovery from the wastewater matrix by the analysis of spiked samples and, if 
necessary, calibration in the matrix performed by the process of standard additions. 

2.5 Techniques for the Analysis of Mercury 

Mercury in wastewaters is determined by oxidative digestion of organomercury species into 
inorganic mercury and the subsequent reduction of this and the ambient inorganic mercury to its 
elemental form which is volatilized from solution and measured by atomic absorbance at 253.7 
nm. This technique is known as cold vapor atomic absorption. The very toxic organo-mercury 
complexes such as methyl and dimethyl mercury can often form when inorganic mercury 
undergoes biological and chemical transformation in the aquatic matrix (OECD, 1974)). It is, 
therefore, essential that the digestive technique be capable of a consistent and reproducible 
recovery of the organically bound mercury into solution. The Standard Method utilizes an 
acidified potassium permanganate solution to which subsequently is added potassium persulfate 
before digesting for two hours at 95OC. These reagents need to be added carefully so that there 
are not large excesses present at the end of the process. There are reports (El-Awady et al, 1976) 
that combinations of persulfate and permanganate have resulted in false positive readings of 
mercury concentrations and that a 4% persulfate solution is often sufficient for digestion of 
effluents whose COD does not exceed 700 m a .  If permanganate is used it needs to be 



quenched with hydroxylamine prior to conversion of the inorganic mercury into its free form. 
Furthermore, residual chlorine can result in a false positive value as can chlorides which are 
oxidized to chlorine during digestion. The stability of the collected samples for mercury analysis 
is assured by acidifying at the point of sample collection and has been validated by a rather 
comprehensive holding-time study (Oda and Ingle, 198 1). 

Very careful quality control needs to be in place to ensure that background noise during the 
analysis of a sample is not confused with an actual signal response for mercury. Any slight 
deviation from background as a result of instrument perturbations could lead to a false positive 
mercury response which would trigger a permit violation. Clearly the permit limit, established to 
protect water quality, has validity when analytical methods are available to measure such levels. 
As currently practiced, this approach puts an unnecessary burden on the utility to maintain 
analytical instrument integrity at a level not surpassed by any other. Although many utilities at 
some time have attempted in-house analysis using cold vapor atomic absorption spectrometry, as 
specified by EPA Method 245.1 (US EPA, 1983), most have relinquished this analysis to 
commercial laboratories. 

2.6 Addressing EPA Method 335.2 and Standard Method 4500-CN for the Analysis of 
Cyanide 

Samples for analysis by these methods as written, using the procedures described in Appendix B, 
were collected in polypropylene or linear polyethylene containers by a grab technique and 
preserved at pH 12 to 12.5 at 4OC in the dark until analysis, preferably within 48 hours of 
collection. Both of these analytical methods involve the separation of HCN from free and 
complexed cyanides in the samples by catalyzed acid distillation. At basic pH the recovered free 
cyanide then undergoes conversion to cyanogen chloride by reaction with chloramine-T and this 
product of free cyanide is then added to a complexing reagent mixture (usually pyridine- 
barbituric acid) which generates a spectrophotometric response proportional to its concentration. 
In most laboratories, much of the procedure is still undertaken in a manual mode which exposes 
the method to a potentially high source of experimental error and also exposes the analyst to the 
various toxic chemicals involved. Furthermore, since the method suffers from a number of 
interferences, a variety of screening procedures are required before sample analysis can proceed. 
In the best of all worlds, this screening should take place ahead of the actual sampling and the 
prescribed procedures for removing them from the matrix should then be engaged. In practice, a 
certain number of interference removal components are included in all analyses without 
screening and other screening tests are excluded based on assumptions about the absence of such 
an interference. Some of these reagents can generate an ultimate false response of cyanide 
recovery and quantitation if present in excess. Additionally, some of the qualitative screening 
tests using test-strips are insufficiently sensitive to determine the presence of sub mg/L levels of 
interference, levels which our research has indicated can severely impact the accuracy of 
subsequent cyanide quantitation. In spite of all the precautions that could be taken, there are also 
indications that the procedure as written would still be incapable of accurately determining the 
levels of cyanide in a complex matrix such as wastewater. 



2.7 Characterization of Wastewater Treatment Plant Effluents 

In order to determine the potential for unaccounted for false measurements of cyanide in 
wastewater plant effluents, a series of experimental approaches were developed that 
systematically explored the soundness of the method as currently practiced. As a first step, 
chemical characterization of the matrix was undertaken. Samples of secondary effluents were 
shipped from participating plants to the UNC laboratory in specially prepared sample bottles 
where a complete spectrum of analyses were undertaken. Among the parameters measured were 
nitrites, sulfide, & thiocyanate all by ion chromatographic techniques already evaluated in our 
laboratories, as well as free and total cyanide. 

2.7.1 Nitrite Analysis 
Nitrites are a potential source of false positives for cyanide as they will generate nitrous acid 
during acid distillation which can subsequently engage organic precursors to generate hydrogen 
cyanide Carr et al. (1997). This is potentially accounted for by the use of sulfarnic acid which is 
added to the sample prior to digestion in order to suppress the formation of nitrous acid. 
Determination of nitrite and the effectiveness of sulfamic acid in its removal is thus important in 
characterizing the potential for possible cyanide formations by this pathway. 

Nitrite in wastewater is not stable (Metcalf and Eddy, 1991). Wastewater treatment plants are 
often required to practice nitrification, conversion of ammonia to nitrate through biological 
activity, to comply with effluent discharge permits. Since nitrite is an intermediate in this 
process, wastewater samples collected from plants that practice nitrification are likely to contain 
nitrite in a state of flux even if the sample is collected after the biological treatment reactors and 
clarifiers. In order to preserve the collected samples, they were stored at 4OC until analysis was 
performed within 48 hours of sample collection. This reduces the chance for nitrification to 
occur by reducing the nitrification rate of the microorganisms rate and shortening the time 
allowed for nitrification. 

40 mL sample collection glass vials were rinsed with tap water, soaked in a 10% nitric acid 
(certified A.C.S. plus grade, Fisher Scientific, Pittsburgh, PA) bath overnight, rinsed three times 
with deionized water (Dracor Inc., Durham, NC), and dried in an oven (Fisher Scientific, 
Pittsburgh, PA) at 100°C. All other laboratory glassware used for analysis and sample 
collection, except for volumetric underwent the same cleaning procedure. All volumetric 
laboratory glassware underwent the same cleaning procedure except for the oven drying process. 
To prevent damage to the accuracy of the calibration of the glassware, it was air dried at room 
temperature in a metal-free laboratory. 

All nitrite analysis was performed on a Dionex Model DX300 ion chromatograph (IC) with 
conductivity detection (Dionex, Sunnyvale, CA). IC utilizes the ion exchanging capabilities of 
specific resins to separate the component ions and subsequently eluate at distinctly separate 
retention times. The resolved anions are converted into their conjugate acid which are more 
highly conductive than their corresponding salts and which permits detector sensitivity at the sub 
nano-molar level. This is accomplished through use of an anion micromembrane suppressor and 
a countercurrent regenerant flow of 200 rnN sulfuric acid. 



Samples were collected in 40 mL vials and filtered prior to analysis through a 0.45 pm nylon 
syringe filter (Nalgene Co., Rochester, NY). Potential interferences with this method include 
chloride whose concentrations in wastewater can be high (>lo0 m a )  but which can be removed 
or reduced by use of OnGuard silver resins (Dionex, Sunnyvale, CA) which precipitate out the 
chloride as its silver adduct. The combined removal of chloride and suspended solids from the 
wastewater samples was accomplished by loading the sample into a disposable, pre-washed 
20mL polypropylene Luer-lock plastic syringe (Becton Dickinson & Co., Franklin Lakes, NJ). 
The 0.45 pm nylon syringe filter was attached to the Luer-lock and two OnGuard silver resins 
were attached in series at the base of the syringe filter. The syringe with attachments were then 
placed in a mechanical press (Harvard Apparatus, South Natick, MA) which passed the sample 
through the filters at a slow rate (2 d r n i n )  so that the chloride had sufficient time to be 
removed in the silver resin. The filtered and chloride-free wastewater sample was then loaded 
into a 150 pL sample loop on the IC which subsequently switched in-line with the carrier eluent. 
An AS10 guard column preceded the analytical AS 10 column, which perfoms the anion 
exchange process with the aid of sodium hydroxide mobile phase. At a flow rate of 1.0 mllmin, 
eluents of 10 rnN NaOH and 200 mN NaOH were used in combination to first elute the nitrite 
ion. The remaining ions in the sample were swept from the column by subsequently raising the 
eluent concentration in a gradient mode as described in Table 3. The eluted suppressed ions 
emerging from the suppressor generate a response in the conductivity detector which contributes 
to the generated chromatogram. Individual peaks are integrated by Peaknet Software (Dionex, 
Sunnyvale, CA) and reported peak heights are directly proportional to the component 
concentration. The overall scheme for the IC procedure is shown in Figure 1. 

Sample Guard 
Column 

Conductivity 
Detector 

Analytical Regenerant Column 

Figure 1. Flow Diagram of the Nitrite Ion Chromatographic Analysis 

A total run time of 30 minutes was needed in order to clean the column of all anions for the next 
sample even though the nitrite ion was observed at a retention time of 10.5 minutes. A 
calibration curve is generated by plotting the detector response of known concentrations of nitrite 
standards (calibrants) made in a deionized water matrix against the standards' concentrations. A 
regression line was determined from the data according to the least squares method and its 
equation used to determine nitrite levels in analyzed wastewater samples. 
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Table 3. A Summary of the Eluent Gradient Program for Nitrite IC Analysis 

% of 10 mN NaOH I % of 200 mN NaOH used I 

The calibrants in the range 0-lmgL were prepared from dilutions of a stock solution of nitrite 
(1.25 mgL as nitrite) prepared from sodium nitrite powder (Mallinckrodt Chemicals, Paris KY). 
A sample chromatogram is presented in Figure 2. 

I I I I  I I I I  I l l 1  I I I I  I I  

Time (min) 

Figure 2. A Sample Chromatogram for Nitrite Analysis for a Wastewater Sample 

2.7.2 Sulfide 
Sulfides are indicated as contributing to cyanide loss when they are converted to thiocyanate, 
which is not recovered in the analytical procedure. Sulfides are removed from solution as the 
cadmium salt although this method is rarely used in the procedure. An ion chromatograph 
equipped with IonPac AS7 analytical column was used to analyze aqueous sulfide in filtered 
wastewater samples held in a 100 pL sample loop and injected into a mobile phase containing 
sodium acetate, sodium hydroxide, and ethylene diamine. Amperometric detection permitted 
quantitation down to 0.1 m a .  



2.7.3 Thiocyanate 
As a polarizable anion, thiocyanate exhibits a high affinity towards any stationary phase which 
might be used for its ion chromatographic analysis. The addition of p-cyanophenol to the 
carbonatelbicarbonate mobile phase lowered this adsorption phenomenon and facilitated 
resolution from other common anions. Suppressed conductivity detection permitted quantitation 
down to 20 pg/L in wastewater samples loaded onto the same IC system described in section 
2.7.1. Even greater sensitivity was obtained by adapting a method developed in our laboratory 
for sub-pg/L levels of bromate in drinking water (Weinberg & Yamada, 1997). This involved the 
use of a post-column reaction (PCR) in which the effluent from a column (in this case an AS 16) 
combined with a mixture of nitrous acid and bromide. In the absence of reactive species a steady 
baseline was obtained by UV detection at 267nm. Thiocyanate generates a negative peak 
response through this interaction which is directly proportional to its concentration in an aquatic 
matrix and good precision is achieved down to 0.5 pg/L. An example chromatogram of a 5Clgn 
thiocyanate spike in OWASA post-secondary effluent is presented in Figure 3. 

Minutes 

Figure 3. A Sample Chromatogram for Thiocyanate Analysis in Wastewater by PCR and UV 
Detection 

2.8 A Study of Interferences in the Analysis of Cyanide 

In order to initially determine the accuracy of the methods to calibrate free cyanide and the 
associated practical quantitation limits, a synthetic aqueous matrix was prepared in the laboratory 
and spiked with free cyanide (from KCN) in the range 2-50 pg/L. The matrix contained the 
following components added in increasing increments as a particular component becomes the 
focus of the test: organic carbon (reconstituted natural organic matter), glucose, acetaldehyde, 
nitrate, nitrite, ammonia, sulfide, sulfite, and thiocyanate. Analysis of the solution was 
undertaken both by ion chromatography (as described above) and by the complexation part of the 



existing methodologies. This was then repeated by digesting the solution and analyzing the 
distillate by both methods to determine recovery by the added step in the procedure 

Potential interferences in this methodology can be classified into the following groups: 
(i) compounds that react with free cyanide prior to analysis (negative or positive bias) 
(ii) co-distilling reducing substances that compete with cyanide for chloramine-T during color 

development (negative bias) 
(iii) cyanogenic compounds (positive bias) 
(iv) generation of cyanide during distillation (positive bias) 
(v) spectrophotometric turbidity after distillation (positive bias) 

Category (i) would include effluent components such as glucose, other sugars, and aldehydes 
which can convert free cyanide to cyanohydrins (R2C(OH)CN). The standard treatment for 
removal of these interferences is the addition of ethylene diamine. A further component of this 
category would be thiocyanate which may generate cyanide in the presence of nitrate: 

We investigated the impact of each of these components on cyanide recovery from the synthetic 
matrix. 

Category (ii) components include sulfide and sulfite. The effectiveness of the prescribed steps for 
removal of sulfide (precipitation by addition of lead carbonatellead acetate) and subsequent 
filtration was assessed by analyzing the so-treated solutions by the analytical methods described 
above. The actual strategy for removal of sulfide as lead sulfide is somewhat unclear as the 
precipitation reaction is very pH dependent. In addition, prefiltered solids may reintroduce 
sulfide when reconstituted back into the filtrate. This may result in a negative bias due to sulfide 
suppression by cyanide conversion to thiocyanate and interference at the colorimetric 
development phase due to consumption of chloramine-T. 
Category (iii) includes nitrite which is recognized in the method description as a source of 
cyanide formation during distillation. Sulfamic acid is added prior to distillation to remove nitrite 
as nitrogen. The effectiveness of this treatment step was determined by using the ion 
chromatographic technique described earlier to analyze nitrite in the synthetic solution before 
and after sulfamic acid addition. Some of the pathways by which nitrite can contribute to cyanide 
forrnation during digestion were investigated by Carr et al. (1997). In particular the strong acid 
medium of digestion is conducive to the formation of nitrous acid which can then engage a 
variety of organic compounds in a nitrosation reaction; 

N02- + H+ + ketones - oximes - cyanohydrin 

Additional nitrogen-containing organic species may undergo degradation in this acidic media, 
generating free cyanide: 

nitroalkanes + H2SO4 + hydroxamic acid --+ HCN 



This latter type of reaction could be precluded from the analysis only if an alternate "gentler" 
digestion were to be used. Carr et al. (1997) also showed that nitrite can generate cyanide by 
reaction with a variety of organic precursors among which are ascorbic acid, sugars, starch, 
cellulose, and alcohols. These results were evaluated in the synthetic medium. 

Category (iv) interference relates to the impact of ascorbic acid used as a quencher of residual 
chlorine on a positive bias in cyanide detection and this can be explained by the latter statement 
in the previous category. Since sulfamic acid is used only to remove nitrites just prior to 
digestion, ascorbic acid added as a disinfectant quencher at the time of sample collection may 
engage the nitrite in a mechanism generating cyanide before the nitrite is removed. We tested 
this assertion in a synthetic matrix by comparing the analysis of a solution containing nitrite and 
ascorbic acid held 24 hours at pH 12 prior to removal of nitrite with a similar solution in which 
sulfamic acid was added prior to ascorbic acid. Additionally, chlorine can react with amino acids 
through a pathway that generates cyanide and which might be accelerated during acid digestion. 

Category (v) interferences are mainly from fatty acids which distill over with the HCN and cause 
turbidity in the absorption solution. Although this might have been examined by treating the 
absorbing solution with C-18 reverse-phase cartridges to remove such organic contaminants 
without impacting the level of cyanide present, this was beyond the scope of the current project. 
With the development of an alternative procedure for total cyanide analysis that would not be 
impacted by this interferent, this approach was justified. 

2.8.1 Laboratory Chlorination 
A study of the impact of each of the above groups on cyanide analysis was undertaken on the 
laboratory synthesized chlorinated secondary effluents. 500 rnL of prechlorinated wastewater 
was poured into a 500-mL volumetric flask for subsequent controlled chlorinations at the UNC- 
CH laboratories. Information was collected on-site about chlorine doses to duplicate conditions 
at the wastewater treatment plants in the laboratory. Appropriate dilutions of a stock solution of 
sodium hypochlorite were then added to simulate the chlorine dose normally applied to this 
water. The chlorinated laboratory samples were gently stirred at room temperature in the light for 
15 minutes simulating treatment conditions found in the plants. Residual free and total chlorine 
were then measured and a 2: 1 excess of quenching agent added. Three such reagents were 
investigated for their impact on removing disinfectant residuals and subsequent determination of 
cyanide in effluents, namely sodium arsenite, sodium thiosulfate, and ascorbic acid. The water 
was then subsequently reanalyzed for all the chemical parameters measured prior to chlorination 
as described in section 2.7. 

Sodium Hypochlorite, NaOCl, (Aldrich, Milwaukee, WI) was used as the chlorine source which 
was calibrated before use each time. The procedure was used to determine the chlorine 
concentration of the stock solution which was labeled as >4%. The procedure as outlined in 
Standard Method 408 A involves two separate titrations. The thiosulfate was first standardized 
by titrating against a 0.1 N potassium dichromate (K2Cr207) solution (Aldrich, Milwaukee, WI). 
In a clean beaker, 1 ml of concentrated sulfuric acid (Fisher Scientific, Pittsburgh, PA), 10 ml of 
0.1 N potassium dichromate solution, and approximately 80 ml of DI water were added. 
Approximately 1 g of potassium iodide (Fisher Scientific, Pittsburgh, PA) and 1 ml of a 5.6 g/l 



starch solution were then placed into the beaker (Fisher Scientific, Pittsburgh, PA) and allowed 
to dissolve in the dark. The solution in the beaker was then titrated with sodium thiosulfate 
solution to its endpoint and the volume of thiosulfate solution titrated was used to calculated its 
concentration by using the following formula. 

- dirhromnte XVdichromnte 
Nthiosuvnt e - 

Vthiosulfnt e 

where N is the normality of the specific solution in units of equivalents per liter and V is the 
volume of the solution added in units of liters. Although the original thiosulfate solution was 
prepared at 0.1 N, degradation necessitates periodic calibration by this procedure. 

A 1: 10 dilution of the chlorine stock solution was prepared in a volumetric flask. In a clean 
beaker, 5 ml of glacial acetic acid (Fisher Scientific, Pittsburgh, PA) and approximately 1 g of 
potassium iodide was added while stirring. 10 ml of the 1:10 diluted chlorine solution was then 
placed into the beaker and the mixture was titrated with 0.1 N sodium thiosulfate (Na2S203) 
solution (Fisher Scientific, Pittsburgh, PA). Prior to the endpoint to permit more precise 
titration, 1 ml of the starch solution was added. The normality of the diluted chlorine solution 
was determined as follows. 

where N is the normality of the specific solution in units of equivalents per liter and V is the 
volume of the solution added in units of liters. The normality of the stock solution was ten times 
this normality. 

In addition, conversion from normal units (eqll) to units of mg/L must be employed. A summary 
of these conversions is given in the following formula. 

where the concentration is in unit of mg/l and the normality term is in units of eqll. 

2.8.2 Sample Stabilization Procedures 
All wastewater samples must be stabilized and preserved in order to be accurately analyzed for 
cyanide. Since chlorine, sulfide, and nitrite were considered as major sources of cyanide 
destabilization, procedures for their removal were employed. Stabilization of the samples refers 
to preventing conditions that would cause an unwanted impact on the cyanide concentration for 
analysis procedure, whereas preservation refers to the use of chemical agents to prevent any loss 
of cyanide through volatilization. A combination of various stabilization steps in isolation and in 
sequence were employed on site immediately after sample collection at the wastewater treatment 
plants. A flow diagram of the various procedures used is presented in Figure 4. 

If residual chlorine is present in a sample, the first stabilization step involves its removal. Four 
chlorine quenching agents were assessed for their comparative impact on removing a chlorine 
residual from a synthetically created chlorinated solution into which 20 pg/L total cyanide was 
spiked and the resultant measureable levels of cyanide compared. The reagents used were 
sodium thiosulfate, sodium sulfite, ascorbic acid and sodium meta-arsenite. The results of this 
study indicated that the use of the latter reagent provided the least impact on cyanide present in 
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the sample and was subsequently used in the comparative stabilization study by placing 80 pL of 
a 11.3 g/L solution of sodium meta-arsenite (J.T. Baker, Phillipsburg, NJ) as meta-arsenite into a 
40-mL vial which was subsequently filled, head-space free, with the wastewater sample. The vial 
was then capped and mixed. This amount of meta-arsenite has the capacity to quench 15 ppm of 
chlorine as el2. 

The next stabilization procedure involved precipitating sulfide from the sample. An aliquot of a 
wastewater sample was placed into a 40 m .  vial containing a small spatula (-150 mg) of lead 
carbonate (Aldrich, Milwaukee, WI) until head-space free. The sample was capped, mixed and 
then immediately filtered, to remove the precipitated sulfide. 20 mL of the filtered sample was 
collected in a clean glass vial. 

In the third stabilization we removed nitrite from the wastewater sample by filling a 40mL vial 
containing 80 pL of a 6.35 glL sulfamic acid solution (Aldrich, Milwaukee, WI) head-space free. 
The sample vial was capped and mixed. At this given dose, the sulfamic acid has the capacity to 
remove 6.00 mg/L of nitrite. 

These procedures were used individually and in combination as shown in Figure 4. After every 
stabilization procedure, the sample was preserved to prevent the loss of cyanide through 
volatilization. Free cyanide is very soluble at pH values well above the pK, (9.2) of free cyanide 
and so a volume of 50% w/w NaOH solution was added to each sample prior to storage and 
analysis to raise the solution pH to 12 (100 pL into the 20 mL volume of filtered sample and 200 
pL to the 40 mL of unfiltered sample). The sample vial was capped and mixed and all samples 
were stored at 4OC in a refrigerator until analysis was performed. 

2.9 Development and Evaluation of an Alternative Procedure for Total Cyanide Analysis 

It is clear that the existing methodology as described by EPA Method 335.4 presents little 
opportunity to perform a large number of single analyses at one time. At over one hour per 
digestion, a large number of stills would be required to generate a reasonable sample throughput. 
Moreover, once the complexation is completed, spectrophotometric analysis has to be carried out 
without delay. In order to successfully determine the impact of matrix components on cyanide 
analysis it is necessary to be able to carry through a large number of analyses at the same time. 
These should include the calibration, test, and spike recovery samples. Furthermore, the group 
(iv) interferents outlined in section 2.8 suggest that the rigorous digestion conditions employed in 
the existing methodology may be causing an in-siru generation of cyanide. With this in mind, we 
began the assessment of an alternative procedure for the analysis of cyanide in wastewaters 
which offered the following advantages: 
(i) sample handling minimized since sample automatically injected from sample storage vessel 
into a flow injection system, 
(ii) release of free cyanide by a less rigorous but equally effective UV radiation and its 
subsequent detection all take place in a single sealed unit, 
(iii) analysis time from sample injection to analyte response is less than 10 minutes (compared to 
in excess of 2 hours for the existing methodology). 



I Wastewater Sample 

Chlorine Quenching 
80 pL of 1 1.3 g/l As02- 

Nitrite Removal 
80 pL of 6.35 g/l sulfamic acid 

- 
Sulfide Removal 
-150 mg of PbC03 

-4 Add 200 pl of 50% NaOH 

- - 

Sulfide and Nitrite Removal 
80 pl of 6.35 g/l sulfamic acid 
- 150 mg of PbC03 

Filter 20 ml through 0 1 0.45 pm filter 

. 
Add 100 pL of 50% NaOH 

7 Store at 4 ' ~  until analysis 

Figure 4. Process Flow Diagram of the Stabilization and Preservation Procedures Used 

The motivation to utilize this methodology came from the ability to implement more completely 
the objectives of quality assured analysis. The fewer sample handling stages inherent in this new 
procedure reduce the likelihood of external source contamination or loss of sample integrity. 
Flow injection analysis (HA) is not new to the area of cyanide analysis. It is an integral part of 
an existing alternative EPA methodology to traditional distillation/colorimetry (EPA method 



335.3) which uses a combination of UV and distillation but completes the analysis using the 
same traditional colorimetric method. The new methodology uses the Alpkem CNSolution 3202 
Analyzer, (01 Analytical, Wilsonville, OR) which employs an optimized UV wavelength shown 
to maximize release of free cyanide from most metal complexes. Acidified as HCN, the total 
cyanide fraction from the sample passes through a hydrophobic membrane in a gas diffuser in 
the presence of a basic acceptor solution to permit separation of cyanide from other components 
in the sample. The cyanide then passes through a low dead-volume flowcell where it is measured 
amperometrically at a silver working electrode set at a BIAS potential optimized for maximum 
cyanide sensitivity. A schematic of this methodology is illustrated in Figure 5. 

tor 

CN- 
+ S 

waste 

Figure 5.  Outline of the Flow Injection Method for the Analysis of Total Cyanide 

The aqueous sample is first loaded into a 200-pl sample loop and then switched in-line with a 
carrier solution as a segmented plug of sample within the carrier solution stream. The sample is 
aerated, acidified, and then irradiated by ultraviolet light to decompose the metal-cyanide 
complexes into free cyanide in a digester. The wavelength of the digester is specifically set to 
break down complex cyanides but not thiocyanate. The sample is further acidified to convert the 
degraded cyanide into volatile hydrogen cyanide which then passes through a gas diffusing 
membrane where the gas rises to separate from the carrier solution. The hydrogen cyanide then 
joins another stream of base reagent which converts the volatile hydrogen cyanide into the 
soluble cyanide ion (CN-). This stream passes into an amperometric detector optimized for 
cyanide analysis. The response of the detector is continuously monitored by a computer and is 
graphically represented as a peak on the output showing resulting current (PA) as a function of 
time. In order to determine total cyanide concentrations in wastewater samples, a relationship 
between the response of the instrument to a given total cyanide concentration is developed. A 
seven point total cyanide (TCN) calibration curve (0 - 25 ppb as CN-) prepared in 0.1N sodium 



hydroxide was routinely analyzed by the flow injection analyzer using a stock solution 
containing both free (48 mgL) and complexed (54 mgL) cyanide (Inorganic Ventures, Inc., 
Lakewood, NJ). The total cyanide concentration in this solution is 102 mg/L. Total cyanide as 
designated by this method includes those sources of free available cyanide as well as all sources 
of complexed cyanides but excludes thiocyanate and cyanohydrins in a manner similar to EPA 
method 335.4. 

The response of the known calibrants was graphed against their concentration and a best fit 
regression line determined from the generated data. Validation of the regression equation was 
done by inspection of the correlation coefficient (r2). The regression equation was used to 
determine unknown total cyanide concentration by substitution of the instrument response to 
yield the total cyanide concentration. 

The use of this methodology permitted routine measurement of spiked recoveries of free (from 
potassium cyanide) and complexed cyanide (from potassium hexacyanoferrate). 

2.10 Study of the Potential Formation of Cyanide During Chlorination 

The potential for cyanide formation during chlorination has already been discussed. Some of the 
pathways are illustrated below: 

chlorine + nitrogenous organics - N02- + NO3- 

Nitrite can then react with a variety of organics as described earlier to produce cyanide. 

chlorine + amino acids 
polypeptides - N-chlorarnines ---+ HCN 

We investigated the effect of chlorination on secondary effluents collected from the treatment 
plants by performing controlled experiments in our laboratory. The monitoring of cyanide levels 
was accomplished using the method described in section 2.9 alongside the modified version of 
the existing methodology. We also investigated the use of different quenching agents as 
described earlier and determined if any cyanide formation was a function of chlorine dose. 

2.11 Evaluation of Cyanide Formation During Chlorination of Wastewater Treatment 
Plant Effluents 

Five participating utilities all practicing post-chlorination were sampled in this component of the 
study with each of two plants contributing samples from various points in their treatment regime. 

Samples were collected in 1-L polypropylene bottles (Fisher Scientific, Pittsburgh, PA) which 
were cleaned by first soaking in an Alconox bath (Alconox Inc., New York, NY), then rinsed 
with tap water and soaked in a 10% nitric acid bath. Finally, the bottles were triple rinsed with 
DI water and air dried. 



The first sample collection point was immediately before the point of chlorination to provide an 
opportunity to determine TCN in wastewater in the absence of chlorine. The second point was 
immediately after the chlorine was added to the wastewater to capture the maximum impact of 
the chlorine before any chemical changes could occur within the contact chamber. The third 
sample was collected at the effluent point of the plant, the point at which samples are collected 
for routine monitoring for compliance with the effluent cyanide permit. The timing of sample 
collection on this project was coordinated with the weekly sample collection by the utility so that 
sample analysis at UNC could be compared with the currently practiced procedure for 
compliance monitoring by the utility. At one of the utilities, an additional sampling point was 
downstream of the plant where the treated water is discharged into the receiving stream to 
determine the fate of cyanide during transport from the plant. In addition to the points sampled, a 
controlled chlorination of the wastewater from the secondary clarifier took place in the 
laboratory as described in section 2.8.1. After the reaction, the water was apportioned into 
receiving vial where it was evaluated using the stabilization procedures described in section 
2.8.2. 





3.0 CADMIUM AND MERCURY ISSUES 

In the subsequent chapters, which present and discuss the results of this study, the participating 
utilities are identified by letter (A through J) and their associated treatment plants by number (1 
and 2). 

Table 4 summarizes the levels of cadmium measured and reported by each participating 
wastewater treatment plant on a monthly basis and should be compared to Table 5 to ascertain 
whether compliance was achieved. In cases where no compliance limit is imposed there are 
sometimes requirements for the utility to monitor and record, on a regular basis, the occurrence 
or non-occurrence in effluent of the target species. For a particular plant, this is indicated by the 
presence of a collection method in Table 5. The permit for utility C provides for collection of 
multiple samples in any one week and the recording of the analysis of the first sample if this 
value is compliant. In this case, the rest of the samples are disposed. However, if this value is in 
excess of the permissible weekly average but compliant on the daily value, the additional 
samples can be measured and recorded to bring the weekly average into compliance. Among the 
in-house methodologies practiced, the most variation takes place in the analysis of cadmium. For 
example, utility A uses graphite furnace atomic absorption with Zeeman background removal as 
described by EPA Method 200.9 whereas utility B employs flame atomic absorption after a 
concentration factor of 4: 1 by evaporation of the wastewater sample in an open glass vessel. 

In essence, Table 4 suggests that exceedence of the permitted discharge level for cadmium was 
quite rare during the documented period; September 1995 for plant B2, June 1995 for plant H2, 
and FebruaryIMarch 1995 for plant H3. With subsequent levels at or below permit limits, it is not 
possible to retroactively determine the reason for those particular spikes. These utilities indicated 
that there were no legal industrial discharges of cadmium to their plant influent although they do 
not entirely dismiss the possibility of illegal discharges during the monitoring period. It is 
possible that the issue of non-compliance would be related to analytical inconsistencies and in 
particular of the failings of some of the commercial laboratories to provide good quality 
assurance of the results which are ultimately used for the purpose of compliance. In some 
instances, analyses performed in-house are often similarly devoid of good quality assurance and, 
historically, a number of treatment plants came into compliance once these procedures were put 
in place. Problems associated with compliance on cadmium pennit levels in wastewater effluent 
have, for the most part, been solved. Such problems were indicated by utilities who were earlier 
unable to achieve the required detection limits using conventional flame atomic absorption 
spectrometry techniques but have since moved to use pre-concentration techniques together with 
flame atomic absorption or graphite furnace atomic absorption. However, for the purpose of 
indicating where potential problems can arise, method deficiencies are listed in Table 6. 

Following the distribution to the utilities of a Standard Operating Procedure (SOP) incorporating 
a full set of quality control criteria (Appendix B), sample bottles were prepared at UNC 
laboratories and taken by UNC personnel to each of the treatment plants. Samples were collected 
from the same point in the treatment plant effluent as the utility would normally collect from for 
reporting purposes. The sample bottles were then taken inside the plant's laboratory and a 
duplicate sample was spiked with a standard spiking solution after transferring to a volumetric 
flask. Pairs of samples (spiked and unspiked) were then given to the utility for analysis either in- 
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Average 
Range 

Average 
Range 

Average 
Range 

Average 
Range 

Average 
Range 

Average 
Range 

Average 
Range 

NR - data not reported by utility 
# - quoted values are inconsistent with reported detection limits at this plant 
* - if value is below detection limit, utility uses the detection limit as the actual value for the purposes of averaging 



Table 5. Permit Levels and Practical Quantitation Limits Compared for Cadmium, Mercury and 
Cyanide 

A IlDaily max 2 5 0.013 1 1 5 0.2 
Collection cornp: weekly grab: weekly cornp: weekly 
Daily max 10 26 NA 

5.4 20 0.06 
Weekly 2 5 0.01 4 
Collection cornp: weekly grab: weekly cornp: weekly 
Daily max 4.5 NA NA 
Weekly Av 2 NA NA 

-1 
Collection cornp: weekly grab: monthly cornp: monthly 
Daily max 10 NA NA 

Collection cornp: weekly grab: weekly 
Daily max 12.6 NA 0.1 36 
Weekly av 5.6 N A 0.034 
Collection cornp: weekly grab: monthly cornp: weekly 

Collection cornp: weekly grab: 2lmonth cornp: weekly 
Daily max 38.5 3 NA 
Weekly Av 15.4 1 NA 
Collection cornp: weekly grab:weekly 

No limits applicable 

ll~ollection comp; weekly grab; weekly cornp; 2lmonth 

H2 Daily max 5.5 18 0.052 
Weekly Av 2.2 5.5 0.01 3 
Collection cornp; weekly grab; weekly comp; weekly 

H3 Daily max 6.1 21 NA 
Weekly Av 2.4 6.1 N A 
Collection comp; weekly grab; weekly 

H4 Daily max 5.0 15 NA 
Weekly Av 2.0 5.1 NA 
Collection comp; weekly grab; weekly 

H5 Daily max. 2.1 0.01 3 
Collection cornp; weekly grab; 2lmonth comp; weekly 

1 NA 0.2 
0.2 AAGF 10 0.3 
2 ICP-USN 

LEGEND 
NA - no compliance limit imposed 
AAGF - atomic absorption by graphite furnace 
ICP-USN - inductively coupled plasma with pre-concentration 



Table 6. Deficiencies Identified in Methods Practiced for the Analysis of Cadmium 

Blanks lpoor acid purity can compromise blank; when one plant substituted triple-distilled nitric 
acid, blank showed marked improvement 

Travel blanks Inone used by commercial labs 

Chemical purity varying types of water used to prepare calibration curves; many utility labs rely on 
cation exchange resins in their installed water purification systems; 
depend on supplier to change resins before they reach saturation; 
acid purity varies between labs 

sample collection 
method 

compositor sample bottles of questionable level of cleanliness; not necessarily filled 
head-space free; bottles often held for varying times before pick-up; some labs then 
add acid upon receipt in lab but those shipped to commercial labs are not pH adjusted 
before shipment. 

sample collection 
bottles 

commercial labs supply pre-cleaned plastic bottles - unclear if these are reused but 
assumed to be cleaned according to EPA protocols; utility labs detergent wash 
their plastic bottles - many do not reuse 

preservatives 

detection limit 

plants doing their own analysis add acid on-site within a few hours of sample collection; 
samples shipped to commercial labs have acid added only upon receipt sometimes 
as much as 24 hours later 

calibration 

from 0.5 to 2 pg/L - see Table 7 - these vary according to method employed; 
the same method used at different plants generates varying detection limits: 
for the most part, permit limits can be measured except where flame AA is still used: 
in most cases, ~ lants neither determine nor verify their quantitation limits 

some utilities performing their own analysis use only a three-point calibration curve; 
these and others often do not include a point within several pg/L of 
their quoted detection limits 

standard addition Ithis is not practiced routinely by commercial labs or plant labs; when challenged 

recoveries in 
lab pure water 

in matrix Ion this issue, utility operators assume that state approved commercial labs 

most plants run periodic calibration checks during their analyses; however some 
plants check recoveries by spiking as high as 1 mg/L when only analyzing at 2 pg/L 

perform all necessary QA to guarantee accurate analyses of their wastewaters 

duplicate analyses no data provided by commercial labs unless two separate but identical samples are 
sent and paid for; plant labs report variations of 2-1 0% on duplicates at the low end 
of the calibration curve 

split sampling no reports of split sampling for this element 



Table 7. Results of 

Utility Plant Sample 
Type 
Effluent 
w spike 
Effluent 
w spike 

Effluent 
w spike 

Effluent 
w spike 
Effluent 
w spike 

Effluent 
w spike 
Effluent 
w spike 

Effluent 
w spike 

Effluent 
w spike 

Effluent 
w spike 
Effluent 
w spike 
Effluent 
w spike 
Field Bk 
w spike 

Legend 

Cadmium ( p a )  
Lab Lab State 
(spike level) analysis Lab 
In-house 

10 ~ g n  
In-house 

10 ~ g n  

In-house 

2 p g n  

In-house 

2 ~ g n  
In-house 

2 P g n  

In-house 

2 P g n  
In-house 

2 P g n  

In-house 

2 P g n  

In-house 

2 P ~ L  

In-house 

2 ~ g / L  
In-house 

2 w  
In-house 

2 ~ g n  
In-house 

Wgn 

Mercury (pg/L) 
Lab Lab State 
(spike level) analysis Lab 
Contract 

0.2 irk& 
Contract 

0.2 ~ g n  

In-house 

0.2 ~ g n  

In-house 

0.2 ~ g n  

Contract 

0.2 ~ g n  

Con tract 

0.2 pg/L 
Con tract 

0.2 pg/L 
Con tract 

0.2 ~ g n  

w spike: sample to which the measured spike level in column 4 was added 
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house or by their contracting laboratory. Another set of samples was then transported to the State 
Laboratory in Raleigh. The comparative results of these tests are shown in Table 7. Gaps in the 
table indicate where a plant was unable to analyze samples using the SOP. The table shows that 
for the most part when fully implemented, the quality assurance (QA) protocols for sample 
handling, collection, and analysis of cadmium in wastewater effluents results in the collection of 
accurate and reliable data. Graphite furnace methodologies use EPA Method 213.2 or Standard 
Method 3500Cd in establishing individual Standard Operating procedures and this was 
employed by the contract laboratories, the State laboratory and by most of the utility on-site 
laboratories. The exception to this was with utility C where direct aspiration into the flame of an 
atomic absorption (AA) spectrometer was still employed (EPA Method 213.1). The latter method 
introduces the greatest sources of errors since a concentration of the sample is usually required to 
offset the technique's lower overall sensitivity compared to graphite furnace AA. 

Exceptions to measured QC data were identified in the in-house analysis at utility B and the State 
Laboratory analysis of utility C. In the latter case, and in the absence of data from the utility 
laboratory, there is no basis for comparison and thus no independent confirmation that this result 
was invalid. The only discrepancy in comparative analysis by the two laboratories was at utility 
E which was unable to furnish the completed questionnaire on whether the SOP protocols were 
applied during sample processing and analysis. 

Table 8 summarizes the historical levels of mercury found in wastewater plant effluents and 
these results can be compared to Table 5 for determining compliance history. The reporting of 
mercury levels for compliance purposes has been an intermittent problem for plants Al,  Dl ,  E, 
and F. It has been a more significant problem for plants H2, H3, and H4. One of the major issues 
with mercury compliance, is that the regulated limit is below the limit of detection attainable by 
current technology. Utilities submitting values below the detection limit are treated as having 
zero mercury for compliance purposes. Although some utilities have attempted in-house analysis 
using cold vapor atomic absorption spectrometry, most have relinquished this analysis to 
commercial laboratories. Two plants are, however, using dedicated instrumentation for mercury 
analysis, a1 though one of these reports inadequacies and failure to record the accepted detection 
limit of 0.2 p a .  The issues associated with declaring a measurable response at the reporting 
limit are most likely the reasons for the intermittent reporting of mercury levels at the detection 
limit. Since most laboratories were unable to qualify their ability to reliably report detection of 
mercury at 0.2 pg/L it is most likely that instrument background noise is responsible for a 
supposed detectable signal at that level. In all reality, if statistical measurements of the detection 
limit for mercury had been undertaken, it is most likely that a minimum reporting limit would be 
above the 0.2 p a ,  rendering application of the traditional cold-vapor AAS method in a utility 
laboratory unsuitable for compliance monitoring. Table 9 summarizes the various deficiencies in 
the practiced methodology either observed or from information supplied by the contract or utility 
laboratories in response to the distributed questionnaire in Appendix A. 

Table 7 compares the results of analysis from two laboratories using the SOP and quality control 
protocols described in Appendix B and with samples and spikes prepared by UNC personnel. A 
particular concerted effort was exhibited by utility H which demonstrated a reasonable capability 
of reporting 0.2 p a .  However, the comparison of the results from both its commercial 
laboratory and the State laboratory emphasize the level of uncertainty with this reporting limit. 





Averagt 
Range 

Averagc 

Averag c 
Range 

Averagc 
Range 

Averagc 
Range 

Averagt 
Range 

Averagc 
Range 

Table 8 (continued). Historical Mercury Levels in Wastewater Treatment Plant Effluents ( p a )  



Table 9. Deficiencies Identified in Methods Practiced for the Analysis of Mercury 

Blanks no reported problems with blanks 

Travel blanks not used 

Chemical purity 

method 

varying types of water used to prepare calibration curves; many utility labs rely on 
cation exchange resins in their installed water purification systems; 
depend on supplier to change resins before they reach saturation; 
acid purity varies between labs 

sample collection 

sample collection lcompositor bottles are of undetermined degree of cleanliness 

24-hour compositor 

bottles 

preservatives lacid usually added when full sample bottles arrive at plant lab (within 3-4 hours) after 
lend of 24-hour compositor; commercial labs only add acid upon sample receipt - 
this means that some samples are held up to 48 hours without preservation 

calibration 

lowest obtainable detection limit 

usually six points in lab-grade water; however one plant could not read the lowest 
three points and the remaining three points were >1 pg/L, well above their daily 
reported readings 

detection limit 

recoveries in lsome plant labs are unable to analyze at c0.3 pg/L 

commercial labs state 0.2 pg/L; cannot ascertain whether this is routinely evaluated 
and confirmed in the matrix analyzed; permit limit is most often below 

lab pure water 

standard addition lnot tested in the region of the detection limit 
in matrix 

duplicate analyses lnot reported by commercial labs 

split sampling no reports of spilt sampling 



Since a spike level of 0.2 CLgn was selected it would be expected that both laboratories would be 
able to demonstrate a detectable level in the spiked sample. Since this wasn't always the case, 
this further undermines the validity of the current methodology for determining compliance at 
the 0.2 pg/L level. The QA procedures that were implemented indicated serious misgivings 
about the use of the existing cold-vapor atomic absorption methodology for the determination of 
mercury at levels close to the instrument detection limit (0.2 pg/L). Matrix spiked levels in the 
neighborhood of this limit were either poorly recovered or not recovered at all in utility, 
commercial, and State Laboratory analyzed samples. Our analysis of these results indicates that 
for practical purposes, a detection limit of less than 0.5 pg/L mercury in wastewater cannot be 
routinely achieved by accredited laboratories when utilizing the approved methodology (EPA 
Method 245.1, 245.2 or Standard Method 3500Hg). Utilities cannot be held accountable for 
invalid results generated by a State-accredited laboratory that has visibly passed all the 
requirements for accreditation if the accreditation process is flawed. If the current compliance 
limits are to remain in place, then alternative, more sensitive analytical procedures need to be 
approved by the appropriate State or Federal agencies which employ validated, reasonably low- 
cost instrumentation. Analytical laboratories and staff need to undergo rigorous training in 
quality assurance and control practices and the accreditation process needs to build in very clear 
requirements to be achieved and demonstrated routinely before certification is provided. 





4.0 CYANIDE ISSUES 
4.1 Historical Data 

The summary of cyanide data in plant effluents reported for compliant purposes by the 
participating utilities is presented in Table 10. The data should be compared to the compliance 
levels set in Table 5 for each utility to observe when maximum levels of cyanide were exceeded. 
This appears to be less of an issue for those treatment plants using UV disinfection (plants Dl ,  
D2, F, and H5). Utility E appears to be the exception here although we were unable to ascertain 
if UV disinfection was operating during the period for which cyanide data was reported. 
Interestingly, that utility's compliance record was very much improved in subsequent years when 
it was known for certain that UV disinfection was employed. For some of the chlorination plants, 
especially H1-H4, exceedence of the permit limit occurred rarely but randomly with no 
correlation to reported plant operations or wastewater character. 

An exploration of the practiced sample collection procedures and analytical techniques revealed 
substantial variance from the methods as described by EPA in particular accounting for and 
correcting measurements due to known interferences with the method. The prescribed methods 
are very laborious and time consuming and probably beyond the routine capabilities of utility 
laboratories. Since wastewater quality may not be consistent from one day to another, the 
screening for such interferences would have to be routine in order to determine if their presence 
were to impact the accurate measurement of cyanide. There is, therefore, evidence that the 
Standard and EPA methods in use are inadequate for recovering cyanide from wastewaters of 
varying solids and organics content. The suspected deficiencies in the current approaches to 
cyanide analysis are presented in Table 11. This issue was so troubling for one of the utilities that 
a consultant commercial laboratory had been hired to demonstrate inconsistent and low 
recoveries of 5 to 10 i*gn cyanide spiked in the effluents. Since such spiking studies are not 
routinely used by commercial laboratories, there is currently no effective quality assurance for 
the recovery of low-level contaminants from wastewater and it is, therefore, likely that much of 
the cyanide data is inaccurate. 

4.2 Validity of Automated Flow Injection Analysis for Total Cyanide Analysis in 
Wastewater 

Figure 6 is an illustration of the type of signal description provided by the flow injection 
analyzer. A reasonably flat baseline is obtained with peak responses being continually monitored 
as samples are injected every few minutes. Sample analysis time is between 5 and 7 minutes as 
opposed to the 2 hour distillation technique and thus allows for replicate analyses and better 
quality control. A statistical evaluation of the methodology when applied to wastewater is shown 
in Table 12. The matrix selected for evaluation was taken from utility D2 in which no detectable 
cyanide had been previously found. Seven replicate analyses of the 2.0 pg/L addition of total 
cyanide (TCN) from a standard mixture were performed in order to evaluate the method 
detection limit (MDL, as prescribed in 40 CFR 136 (July 1, 1987) and described by the equation 
below: 



Table 10. Historical Cyanide Levels in Wastewater Treatment Plant Effluents ( pa )  
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Table 10. Historical Cyanide Levels in Wastewater Treatment Plant Effluents (pg/L) 

Legend 

NR - not reported 



Table 

Blanks calibration curve zero-point does not necessarily use the preservatives used in sample 
collection; generally low response of zero-point which does not affect the detection limit 

Travel blanks non used by commercial labs 

Chemical purity generally use high-purity chemicals but no routine analysis of blank is made which 
contains all the additives used for sam~le collection 

sample collection 
method 

some plants collect samples directly in bottles containing preservatives which could 
conseauentlv be lost 

sample collection 
bottles 

this varies significantly; some plants acid-wash their own unused milk bottles rather 
than fill those supplied by the commercial lab 

preservatives ascorbic acid used for dechlorination may be causing false positives; since a 
chlorinated blank is not analyzed, labs cannot currently identify this interference; 
some commercial labs use sodium thiosulfite; some known interferences in the 
method for analysis are not always evaluated nor accounted for 

calibration 

detection limit 

recoveries in 
lab pure water 

standard addition 
in matrix 

duplicate analyses 

split sampling 

method requires dechlorination followed by raising the pH; if both chemicals are in 
the sample collection bottle, dechlorination cannot be guaranteed; some commercial 
labs do not use preservatives or base - hence samples in transit may degrade; 
some labs add their own base before shipping making QA difficult to monitor 

no indication that this has been evaluated using Code of Federal Regulations 
protocols; indeed some commercial labs reported values below detection limit 
in effluent samples spiked with 10 pg/L cyanide 

no indication that this has been tested by by-passing the digestion step; extreme 
variability at e l  0 pg/L 

where tested, a spike in the range of 9-20 @L in effluent yielded recoveries 
varying from c20 to 120%; cannot always see 5 pg/L; at 10 mg/L often could not 
achieve more than 5O0I0 recovery; only at levels >25 pg/L were 80-1 15% recoveries 
obtained reasonably consistently 

not provided by commercial labs unless two separate samples sent; in 
those instances, variability was in the range 27-1 69% 

almost no consistency between the same samples sent to two different labs 



3.14 x S x Concentrationmli,,,, 
MDL = 

Height,,,,,, 

where S is the standard deviation of the response of the seven replicates. Although the MDL was 
evaluated at 0 . 5 m  as CN-, the routinely employed practical quantitation limit was 2 pg/L. 

Figure 6. Flow Injector Analyzer Signal Response (x 1 o S p ~ )  Illustrating Rapid Sample 
Throughput as Represented by the Number of Peaks Per Unit Time 

A typical calibration curve for total cyanide is depicted in Figure 7 and demonstrates the level of 
high regression coefficient obtained in the range from 0-50 pglL. 

I 

total cyanide concentration (ppb TCN) 

Figure 7. Calibration Curve for Total Cyanide in Wastewater Effluent 
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Table 12. Statistical Evaluation of Flow Injection Analysis Procedure for Cyanide in Wastewater 
Sample Response (PA) Mean Standard %RSD 
[TCNl response (PA) deviation 
LGW 

Wastewater 

(0 clg/L) 

The standard used to prepare the calibration solutions comprises a free and complex cyanide 
component and the analytical instrument allows analysis of just the free component or the total 
component (free + complex cyanide) simply by choosing operation with or without the ultra- 
violet lamp switched on. 

4.2.1 Assessment of Potential Interferences During Flow Injection Analysis 
In an attempt to identify sources of positive bias in the analysis of cyanide using this method, a 
series of samples were prepared in LGW with a background of 10 pg/L total cyanide to which 
selected components were added at two concentration levels (20 mg/L and 200 mg/L) and then 
the pH raised to 12. These components are listed in Table 13 together with the resulting 
concentrations of total cyanide analyzed in their presence (average of triplicate analyses) and 
represent those components identified in either EPA Method 335.4 or subsequent literature (e.g. 
Can et al, 1997) as potential sources of bias in the traditional distillation/complexation 



methodology. Although acetaldehyde has no impact on the level of cyanide analyzed, 
formaldehyde does as a result of its documented conversion of free cyanide to cyanohydrin 
which is not detected by the analytical system. Free chlorine produces volatile cyanogen chloride 
which is probably lost from the sample vessel before analysis and thereby reduces the level of 
cyanide detected. 

Table 13. Effect of Different Chemical Species on Total Cyanide Analysis 
bv the Flow Iniection Procedure 

Added component Component Cone. (mg/L) Total Cyanide Conc. (p@) 
None None 11.95 

Acetaldehyde 20 
200 

Formaldehyde 20 
200 

Free Chlorine 

Sulfi te 

Nitrate 

Nitrite 

Ascorbic Acid 20 
200 

Thiosulfate 

Sulfide 

Sulfite oxidizes cyanide and is, therefore, an unsuitable quenching agent for residual chlorine in 
disinfected wastewaters. The presence of nitrate leaves the level of cyanide intact but nitrite can 
form nitrous acid during the analysis which can engage cyanide in various undocumented 
reactions. No attempt was made in this set of experiments to remove any of the added 
components or their resultant reaction products with cyanide prior to analysis. We were 



somewhat surprised at the cyanide loss effected by the presence of ascorbic acid and the large 
apparent signal increase due to thiosulfate. In the latter case this can only be attributed to the 
formation of sulfide during digestion which is known to be the only major detector interference 
as illustrated by the last row of the table. These results suggest the use of ascorbic acid, sodium 
sulfite, and sodium thiosulfate may not be advisable for the quenching of residual chlorine in 
effluent samples. Although the two selected concentration levels were somewhat arbitrary and 
high, they reflect the potential pitfalls of the use of excess amounts of reagents which should, 
therefore, not be carried out during routine analysis. 

In an attempt to identify the conditions under which chlorine quenching could be optimized to 
make use of a quenching agent in the field, we designed two approaches with three different 
quenching agents namely: sodium thiosulfate, ascorbic acid, and sodium meta-arsenite. In the 
first experiment 25 mg/L free chlorine was added to a pH 12 solution in LGW containing 20 
pg/L total cyanide and then the quenching agent was added. In the second experiment, the 
quenching agent was added to the chlorine solution after which the cyanide was added and the 
pH adjusted to 12. The results are illustrated in Table 14. 

Table 14. Impact of Quenching Residual Chlorine on Cyanide Stability (Amount of Cyanide 
Originally Present = 20 p a )  

Quenching Agent Concentration Experiment 
Thiosulfate 200 m a  1 

2 
Sulfite 

Ascorbic acid 

Arseni te 

Cyanide Conc. (pgL) 
548 
459 
11.8 
4.42 
12.6 
16.1 
4.62 
12.04 

If we use the results of experiment 2 as the basis for cyanide which is not affected by the 
presence of chlorine, then in experiment 1, the expectation is that the chlorine added to the 
cyanide would volatilize the latter and remove it from the solution prior to the addition of 
quenching agent. This is demonstrated for ascorbic acid and sodium arsenite. It can be assumed 
that the high thiosulfate response was due to the excess agent and its generation of sulfide which 
gives a positive bias in the detector. In each case, quenching agents are in great excess and could 
engage the cyanide in depletion reactions. This could certainly be the explanation for experiment 
2 results where the chlorine is quenched prior to addition of cyanide. The expectation here is that 
the cyanide would not be affected by the chlorine and that any lowering of cyanide would be due 
to interaction with the excess quenching agent. Again thiosulfate produces a high detector 
response whereas sulfite and ascorbic acid produce lower responses confirming the results of 
Table 13. Arsenite also produces a lower response but needs to be further explored. The results 
of all of these experiments indicate that the random use of chlorine quenching agents cannot be a 
part of a cyanide analytical procedure. It remains to be determined whether a measured and 
controlled quenching procedure can be tolerated. 



In light of the concern that cyanogen chloride, formed during chlorination of cyanide, has an 
uncertain destiny in the analytical procedure, we also tested the effect of the presence of this by- 
product along with that of thiocyanate which may be present in the plant influent or be produced 
during interaction of cyanide with sulfur-containing compounds. These results are presented in 
Table 15 which also gives an indication of the precision of the analysis in terms of mean, 
standard deviation, and relative standard deviation (%RSD) of the detector response. 

Table 15. Effect of Cyanogen Chloride, Thiocyanate, and Sulfide on Detector Response 
Sample Response Mean St. Devn. %RSD Equivalent CN 

(PA) response conc. (p&) 
LGW 

Reagent 
Water 

10 pg/L CNCl 

20 pgfL CNCl 

10 pg/L SCN 

20 p g L  SCN 

74 
97 

840 
64 1 

noise 
390 
noise 

16 
noise 
noise 

983 
1068 
1036 

1930 
1969 
1939 

9553 
10194 
1 1505 

18608 
2253 1 
21753 

The equivalent TCN concentration is calculated from the relevant calibration curve. Table 15 
indicates that cyanogen chloride does not provide a detector response up to 20@, the highest 
concentration analyzed and is thus not included in a total cyanide measure, nor is it intended to 
be in the existing EPA methodology. Thiocyanate, also not included in the total cyanide 
definition, does provide somewhat of a response the only explanation of which is the free 
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cyanide impurity in the material used to prepare the thiocyanate standard. Once again, the table 
indicates the impact of residual sulfide in samples. This aspect of interference was explored in 
subsequent experiments. 

4.3 Implementation of Quality Control and Interlaboratory Analysis 

In order for this project to begin assessing the sources of errors associated with cyanide 
measurement, SOPS were issued to the participating utilities, sample bottles were prepared at the 
UNC laboratories and UNC personnel visited each plant to collect samples and spike samples 
from the wastewater plant. In order to evaluate the impact of the chlorination process on the 
methodology, samples were collected from some of the plants both prior to chlorine addition 
(pre-effluent) as well as downstream of the routinely sampled effluent point and just prior to 
discharge into the receiving stream (post-effluent). Replicate samples were collected for the 
utility laboratory (or their commercial, contract laboratory), UNC, and the State laboratory. Each 
of the three laboratories utilized their version of EPA Method 335.2 or Standard Method 
4500CN (marked spectro in Table 16). In addition, the UNC laboratory analyzed a separate set 
of samples by the newly demonstrated flow injection procedure (marked FIA in Table 16) as 
described earlier in section 2.9 of this report. The results of these analyses are presented in Table 
16. Although there was some disparity between the various analytical laboratories on the levels 
of cyanide determined in the same sample, a trend emerged revealing potential formation during 
chlorination (high levels after chlorination, negligible levels before) and the potential presence of 
artifacts (disparity between the results using two different analytical techniques in the same 
analytical laboratory). The appearance of NA in Table 16 is an indication that data from that 
utility or a particular analytical laboratory was either not collected or failed internal QA audit. 
Some utilities did not wish to submit samples to the State Laboratory from plants which are not 
required to routinely analyze for a particular analyte. The practical quantitation limit for cyanide 
at the UNC laboratory using the standard distillation/spectrophotometric method and the flow 
injection method was 2 pg/L for each method. This level was achieved for the traditional method 
by using a lower dilution on the resulting sodium hydroxide scrubbing solution prior to color 
development and by use of a 10 cm cell in the spectrophotometer. 

It is clear from the results in Table 16 that there are very few cases where the analytical results 
from the different laboratories for a single plant correspond well with each other. The results 
from the two methods used at UNC also varied quite considerably from each other on occasion 
when applied to the same sample. The UNC and utility results both using the 
digestion/spectrophotmetric method compare reasonably well. However, out of the 9 cases where 
the State, UNC, and utility laboratories split samples for analysis by this method, agreement was 
found on only 5 samples. These collective inconsistencies highlight the problems with the 
analytical method since both the State and UNC laboratories were practicing the full quality 
controlled procedures. Table 17 provides an indication of the success of the various laboratories 
and analytical methods in recovering spiked amounts of cyanide from the various matrices* 
examined, where the pre-spike level of cyanide was below detection limits. A range of recoveries 
is shown. The spiked recovery was calculated using the two extreme possible values for cyanide 
in the pre-spike samples, namely 0 pg/L and the detection limit value. All of the spike recoveries 
are different. There is no single example of a plant for which the spike recoveries in the same 
matrix but analyzed by different laboratories or methods are in the same range. However, there is 
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some good correlation between the two methods used at UNC on all pre-effluent samples except 
those from utility C. Correlations between the two methods are also good in effluent samples 
from plants D2 and Al.  However, the wide variation between the results from the different 
laboratories is an early indication of the impact of not standardizing sample handling, processing, 
and analytical techniques. Most of the utilities now recognize this even though they might not 
have the resources to fully implement all aspects of the suggested protocols in the future. 

Using those results where spike recoveries were in an acceptable range of 80-120%, all of the 
plants had effluent cyanide concentrations less than 10 pg/L except for C1 whose effluent 
appeared to suffer from an abnormally high interference. This is confirmed by studying the 
results from the different sampling points which illustrates that the problem at C1 began after 
chlorination. It should be pointed out that this plant had a relatively high chlorine residual on the 
day of sampling. We also subsequently identified a potential sulfide problem as partially 
responsible for this interference. It is also quite clear from this table that it is the plants which 
chlorinate their effluents that appear to have the highest measurable levels of cyanide. In most 
cases, lower or non-detectable levels of cyanide were present in the wastewater prior to 
chlorination compared to post-chlorination levels, and this elevated level persisted to the point of 
discharge from the plant. Inadequate quenching of chlorine at those plants practicing disinfection 
with chlorine may be contributing to this anomaly. The Standard Method is somewhat vague on 
the approach to quenching of residual chlorine that should be used; our protocols suggested 
chlorine quenching by a precise measuring approach so as to minimize the amount of excess 
quenching agent present in the sample prior to raising the pH to 12. Some of the plants using 
chlorination either were not actively quenching or were only doing so after raising the pH and 
then did not determine the precise amount of quenching agent required. 

Given the disparity between results from the various laboratories, there is some indication that 
the flow injection analysis (FIA) and spectrophotometric methods compare reasonably well in 
many cases. In other words, we may be seeing the greatest disparity between those samples 
where the sample handling and analysis procedures following uniform sample collection 
differed. 

Further analysis of these data revealed that these protocols were insufficient to determine or 
remove the apparent high levels of cyanide (as determined by existing methodologies currently 
either EPA Method 335.2 or Standard Method 4500CN) and suggests that there might be some 
characteristic of the individual waters that is responsible for the apparent high cyanide levels in 
those waters. Furthermore, matrix recovery standards exhibited a wide range of values on the 
same sample analyzed at different laboratories This is reflected in Table 17 which shows the 
disparate spike recoveries for each of the samples and by each of the two different analytical 
methods employed. This basic failure in QA necessitated a complete re-evaluation of the current 
practiced procedures. It is notable that with the exception of two utilities (A and B), flow 
injection analysis exhibited better spike recoveries than the standard digestion and colorimetric 
method. 

In spite of implementing QA protocols in the survey and in subsequent sample handling and 
analysis, spurious analytical results for cyanide content in wastewater were detected. In 



particular, there are instances where rather than removing cyanide, chlorination (one of the 
effective means for doing so) is increasing the apparent levels in the plant effluent 
Our initial response to these results was two-fold: 
(i) either the waters contain some component that interferes in both methods, or 
(ii) the waters exhibiting high cyanide may have some character that is contributing to genuine 
cyanide formation in the water upon application of chlorine. 
In response to suggestion (i) it should be indicated that the only such identified interferent 
common to both methods is sulfide. The lead acetate test for determining sulfide presence was 
negative for all waters but it is clear that this test is insufficiently sensitive to detect anything 
lower than ppm levels. 

Suggestion (ii) warranted closer scrutiny. It is true that the anomalously high levels of cyanide 
were produced only in those waters utilizing chlorine for disinfection and in general, chlorine 
should react with free cyanide to generate cyanogen chloride that would normally be expected to 
dissipate in the environment before the aqueous sample is collected. On a molar basis, there 
could not be more cyanide present in cyanogen chloride than existed in the free cyanide which 
formed it. The question then is whether there is an additional source of cyanogen chloride other 
than free cyanide that could be formed during chlorination. Our experience with cyanogen 
chloride in drinking water suggests ammonia or amino acids as the possible source. If the 
reaction were fast, the generated cyanogen chloride would be dispersed in the environment as 
described above. Free chlorine is quenched in the collected samples, but chloramines generated 
by reaction between chlorine and ammonia have an undetermined fate in the prescribed 
methodology and it is possible that the basic pH of the stored samples could kinetically favor 
generation of CNCl from organic components of the wastewater. 

Another potential source of in-situ generation of cyanide could be from oxides of nitrogen. 
Nitrite has been identified in the past as the most likely species to engage organic precursors in 
the generation of nitriles especially at low pH conditions such as those that exist during the 
analysis process. Both analytical methods practice the addition of sulfarnic acid for removal of 
nitrite prior to digestion to alleviate this source of cyanide formation. However, it is unclear 
whether the reaction between chlorine and nitrogen-containing organics in the wastewater 
generate these oxides, a process which might be hastened at the high pH of the storage solution if 
the chlorine is not previously quenched. The order of disinfectant quenching and raising the pH 
of the collected sample is not clearly specified in the methodologies, nor is it practiced 
consistently among the treatment plants visited. 

4.3.1 Demonstration at Plant D2 

This treatment plant had switched from chlorine to UV disinfection in its final plant treatment 
prior to the beginning of this project. We used the opportunity to compare the plant's current 
treatment regime with one synthesized in our laboratory to reflect earlier chlorination treatment 
in terms of the potential for cyanide formation. Samples were collected from the plant after the 
point of W treatment and were analyzed as collected and after undergoing a controlled 
chlorination at lOmg/L added free chlorine for 30 minutes in our laboratory. The samples were 
also spiked with a mixture of free and complex cyanide to examine the effect of each matrix on 
cyanide recovery. 



Given the rather inconclusive results, summarized in Table 14, on the appropriate use of chlorine 
quenching agent, the opportunity to more thoroughly investigate the impact of one of these 
(sodium meta-arsenite) in wastewater was explored at this treatment plant. Three different levels 
of meta-arsenite were chosen (28, 56, and 112 m a )  on cyanide-spiked LGW, UV effluent, and 
chlorinated effluent, and the results are presented in Table 18. 

Table 18. Analysis of D2 Effluent under Various Sample Handling Scenarios 
Sample Treatment Total Cyanide Cyanide Spike 

(P~/L)  Recovery (%) 
Secondary Effluent 5.28 NA 
W Effluent with no additives 2.5 NA 
W Effluent with 28 mg/L meta-arsenite 3.56 NA 
UV Effluent with 56 mg/L meta-arsenite 3.84 NA 
Effluent spiked with 5 pg/L TCN and 56mg/L meta-arsenite 10.8 139 
Effluent spiked with 10 pg/L TCN and 56mg/L meta-arsenite 18.1 143 
Effluent spiked with 50 pg/L TCN and 56mg/L meta-arsenite 65.7 124 
Chlorinated effluent quenched with 28 mg/L meta arsenite 
Chlorinated effluent quenched with 56 mg/L meta arsenite 
Chlorinated effluent quenched with 112 mg/L meta arsenite 
25 mgL free chlorine in LGW 
25 mgL free chlorine in effluent at time = 0 
5 pg/L TCN spiked into secondary effluent 
10 pg/L TCN spiked into secondary effluent 
50 pg/L TCN spiked into secondary effluent 
28 mg/L meta-arsenite in LGW 
56 mgL meta-arsenite in LGW 
5 pg/L TCN with 28 mg/L meta-arsenite in LGW 
5 pg/L TCN with 56 mg/L meta-arsenite in LGW 
5 pg/L TCN with 1 12 mg/L meta-arsenite in LGW 
10 pg/L TCN with 28 mg/L meta-arsenite in LGW 
10 pg/L TCN with 56 mg/L meta-arsenite in LGW 
10 pglL TCN with 112 mg/L meta-arsenite in LGW 
50 pg/L TCN with 28 mg/L meta-arsenite in LGW 
50 pg/L TCN with 56 mg/L meta-arsenite in LGW 
50 pg/L TCN with 112 mg/L meta-arsenite in LGW 

Legend 
LGW: laboratory grade water (double deionized and carbon filtered) 
NA: not applicable since sample not spiked with cyanide 
TCN: total cyanide (a mixture of free and complex cyanide) 

Samples were preserved by raising solution pH to 12 and were then stored at 4OC and analyzed 
within 48 hours of collection. It is apparent from these results that both the UV and chlorinated 
wastewaters generated similar trace levels of apparent total cyanide regardless of the amount of 
quenching agent in the chlorinated waters. However, when cyanide was spiked into the plant 



effluent, and after the solution pH was raised to 12, the recoveries of 5 and 10 pg/L were less 
than 70%. In solutions not containing chlorine to which quenching agent was nevertheless added, 
there was an apparent elevated detection of TCN that also generated >loo% recoveries when the 
plant effluent was spiked with cyanide. 

Since there was no chlorine present in the solution, the meta-arsenite was not engaged in 
quenching and remained present in its unoxidized state. In practice, the level of quenching agent 
to be added will be only in slight excess of that needed to quench residual chlorine. 
Consequently, if a level of 25 mg/L sodium meta-arsenite continued to produce no interference 
in the measurement of cyanide, this should be the agent of choice. 

A second set of experiments were performed on the same effluent which investigated the impact 
of added sulfide (10 mg/L) and subsequent treatment with lead carbonate (PbC03) and filtration. 
These results are presented in Table 19. The measured total cyanide was obtained from a 
calibration curve which included the points 0, 5, 10, and 20 pg/L TCN in LGW at pH 12. 

Table 19. Impact of Added Sulfide and Subsequent Removal on Cyanide Analysis in 
Plant D2 Wastewater 

Sample Treatment Measured Total Cyanide 
Cyanide ( p a )  Spike 

Recovery (%) 
LGW with sulfide at pH 12; PbC03 then filtration 2.4 
LGW at pH 12; PbC03 then filtration <1 .O 
5 pgL  total cyanide; PbC03 then filtration el .O 0 
5 pg/L total cyanide; sulfide added; PbC03 then filtration 3.33 67 
10 pg/L total cyanide; PbC03 then filtration 
10 pg/L total cyanide; sulfide added; PbC03 then filtration 
50 pg/L total cyanide; PbC03 then filtration 
50 pg/L total cyanide; sulfide added; PbC03 then filtration 
Effluent at pH 12 
Effluent; PbC03 then filtration 
Effluent with spiked sulfide; PbC03 then filtration 
Effluent spiked with 5 pg/L total cyanide 
Effluent with 5 pg/L cyanide; lead carbonate then filtration 
Effluent + 5 p a  cyanide + spiked sulfide; PbC03 then 
filtration 
Effluent spiked with 10 pg/L total cyanide 
Effluent with 10 pg/L cyanide; PbC03 then filtration 
Effluent + 10 pg/L cyanide + spiked sulfide; PbC03 then 
filtration 
Effluent spiked with 50 pg/L total cyanide 
Effluent with 50 pg/L cyanide; PbC03 then filtration 
Effluent + 50 pg/L cyanide + spiked sulfide; PbC03 then 
filtration 



The lower two levels of spiked cyanide (5 and 10 pg/L) exhibited poor recoveries in LGW at pH 
12 when lead carbonate was added and the solution filtered. This suggests that the soluble 
cyanide is somehow enmeshed within the lead carbonate and retained by the 0.2 pm filter. When 
sulfide was present in both these samples, the recovery of cyanide was somewhat higher, but it is 
unclear whether this response was due to the incomplete removal of sulfide or whether the 
competition of the lead carbonate for sulfide created physical conditions which allowed for more 
of the cyanide to pass through the filter in the soluble state. Nevertheless, the recovery of cyanide 
using this technique is too low. Interestingly, the trend is reversed at the higher cyanide level 
with good recovery using filtration on lead carbonate added to the sample but poor recovery 
when sulfide was added to the sample. This latter trend is repeated for each of the cyanide spiked 
wastewater samples indicating that rather than remaining in the soluble state, sulfide is 
effectively precipitated away from the analyzed solution but appears, in the process, to cause loss 
of cyanide from the same solution. It is clear that the filtration technique employed was 
inadequate for the purpose for which it was prescribed. This is first seen in Table 19 when a 
measured apparent cyanide level of 2.4pg/L was observed when the process was used to remove 
sulfide from an LGW solution. We subsequently employed a less rigorous filtration comprising 
more gentle mixing with lead carbonate and use of a 0.45 pm filter. 

4.3.2 Application to Plant C2 

Samples were collected from this plant prior to chlorination, immediately after addition of 
chlorine, and a final sample was collected after dechlorination, the latter sample being that which 
the plant submits for routine cyanide as prescribed by their permit. A large sample of 
prechlorinated water was collected from the plant and returned without preservation to the UNC 
laboratory where it underwent an in-house chlorination to compare laboratory controlled 
conditions with field conditions for the potential generation of cyanide. Additional sample 
processing was performed at the on-site treatment plant laboratory as follows: (i) residual 
chlorine quenching, (ii) chlorine quench and sulfide removal, (iii) chlorine quench and nitrite 
removal. The precise details of each of these stabilization steps are given below: 

Chlorine quenching: This was achieved by adding 40 pL of 18.2 g/L (as ASO?-) sodium meta- 
arsenite (NazAsOz) to a 40 rnL vial prior to sample collection. A portion of the collected sample 
was added to the vial which is capped and the contents then mixed. The cap was then removed 
and 200 pL of 50% (wIv) sodium hydroxide (NaOH) added to raise the pH above 12. The vial 
was then re-capped and again the contents shaken. This procedure was repeated for all three 
sample points. The use of excess amount of quenching agent is in keeping with the results of 
Table 18 that show no interference on TCN recovery 

Chlorine quench and sulfide removal: In addition to the meta-arsenite, a small spatula full of lead 
carbonate (-150mg) was added to the 40 mL vial. The collected sample was added and the vial 
capped and shaken. The sample was then immediately filtered into a 20 rnL vial using a 10 mL 
plastic syringe and a 0.45 pm Luer-lock nylon syringe filter. 100 pL of 50 % (w/v) NaOH was 
added to the 20 mL vial which was then capped and shaken. This procedure was repeated for all 
the sample points. 



Chlorine quench and nitrite removal: 150 mg sulfamic acid was added to a 40 mL vial along 
with the meta-arsenite. The collected wastewater sample was then added to the vial which was 
capped and the contents mixed after which 200 pL of 50% NaOH was added as described 
previously. This process was repeated for all the sample points. 

In the laboratory, the prechlorinated effluent was chlorinated with 5 mg/L free chlorine for 30 
minutes to reflect the plant conditions. Samples were collected after this in-house chlorination in 
a similar manner to that described for the plant samples. The results of this survey are presented 
in Table 20. 

Table 20. Impact of Treatment Process and Stabilization Technique on TCN 
in Plant C2 Wastewater 

Sample # Sample description Total Cyanide TCN 

(clgn) 
1 Prechlorinated wastewater - no additives 2.36 
2 with quenching agent 13.7 
3 with lead carbonate and quenching agent, filtered 5 .09 
4 with sulfamic acid and quenching agent 8.01 
5 Postchlorinated wastewater with quenching agent 43.3 
6 with lead carbonate and quenching agent, filtered 49.1 
7 with sulfamic acid and quenching agent 6.14 
8 Dechlorinated wastewater with quenching agent 11.9 
9 with lead carbonate and quenching agent, filtered 9.1 
10 with sulfamic acid and quenching agent 7.56 
11 In-house chlorinated plant wastewater (prechlorinated) 20.9 
12 with lead carbonate and quenching agent, filtered 15.1 
13 with sulfamic acid and quenching agent 3.82 

The first sample in Table 20 had no additives in the collection vial and its pH was in the range of 
6-7. All other samples were pH adjusted to 12 prior to leaving the plant and hence this first 
sample cannot be usefully cited for comparison against the others in the table. Sample #3 
compared to #2 indicates the presence of sulfide in the sample removed by precipitation with 
lead carbonate. However sample #2 compared to #4 indicates the effect of removing nitrite on 
subsequent cyanide detection. On this basis, sample #2 containing nitrite when passing through 
the acidic UV digestion may be a reactant source of cyanide generation during analysis. This 
effect is also reflected in a comparison of the chlorinated samples #5 and #7 and between 
samples # 11 and 12. Both chlorinated wastewaters exhibited a high apparent cyanide level both 
with and without lead carbonate treatment. This suggests a minimal presence of sulfide in the 
sample. However, upon adding the sulfamic acid to the sample at the time the sample was 
collected, nitrite was removed and was not available as a precursor to cyanide formation during 
the digestion procedure. In the case of the dechlorinated water, a reduction from 11.9 to 9.1 pg/L 
apparent total cyanide suggests the potential presence of a small amount of sulfide, possibly 
generated during dechlorination and a further reduction to 7.56 pg/L when using sulfamic acid 
again points to the presence of nitrite as the most likely confounding factor in this treatment 
plant's cyanide analysis. In order to account for both sulfide and nitrite interferences in samples, 



experiments need to be performed to develop the best protocol for simultaneously removing or 
accounting for both of these interferences. 

Figure 8 provides a graphical display of the effects of the different sample treatment scenarios by 
illustrating each of the sample handling treatments for each sample point. Thus, the greatest 
effect is observed on the chlorinated samples (both at the plant and in the laboratory) with the 
third column for each sample point representing the cyanide analysis of a sample pre-treated with 
both sodium meta-arsenite, to remove chlorine, and sulfamic acid to remove nitrite. 
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Figure 8. Effect of Chlorine, Sulfide and Nitrite Removal on Each Sample Point's Analysis for 
Total Cyanide 
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.Figure 9. Plant C2 Wastewater Analysis According to Sample Treatment 



Figure 9, by comparison, groups the sample treatment trends on each of the sample points. This 
further emphasizes the impact of nitrite on cyanide analysis by showing the suppressed cyanide 
values for each of the sulfarnic acid treated samples 

4.4 Modified Sample Collection Procedure A 

The suggestion raised earlier that it appears that chlorine might have a role in cyanide generation 
during wastewater treatment, prompted a more thorough investigation of this pathway. Three 
sampling points were surveyed in this part of the study. The first point was prior to chlorination 
(pre-C1) where it was assured that there was no upstream diffusion of the chlorine. Two 1-L grab 
samples were collected at this point and one of the sample bottles was used for a laboratory 
chlorination. The next sample point was collected approximately half way through the chlorine 
contact chamber and the final sample was collected at the same location in the plant where the 
utility collects samples for the effluent permit requirements. One 1-L sample was collected from 
each of the later two sample points. All samples were stabilized according to the three 
approaches described in section 4.3.2 and in addition one sample had a combined chlorine 
quench, sulfide removal, and nitrite removal as described below: 

Chlorine quench, sulfide and nitrite removal. Lead carbonate and sulfarnic acid (150 mg each) 
were added to a 40 rnL vial along with the meta-arsenite. The wastewater sample was then added 
to the vial which was capped and shaken. The sample was then filtered into a 20 mL vial using a 
10 mL syringe and a 0.45 pm Luer-lock syringe filter. Finally, 100 pL of 50 % NaOH was 
added as previously described. Again, the process was repeated for all sample points. 

4.4.1 Application to Cyanide Analysis at the Wastewater Treatment Plants of Utility J 

Two wastewater treatment plants serve this utility both of which practice chlorination as the 
disinfection process and are not required to dechlorinate. The form of the chlorine is sodium 
hypochlorite as opposed to chlorine gas which is used in the other surveyed utilities. Both 
treatment plants utilize activated sludge treatment but only plant 2 utilizes a tertiary sand 
filtration unit to further enhance the effluent quality. At plant 1, the chlorination point is 
immediately at the make-up point for the secondary clarifiers' effluent. Consequently, the 
prechlorinated sample (pre-C1) was collected by the weirs of one of the secondary clarifiers. The 
second point was collected in the chlorine contact chamber (C1 chamber) for both sites. The final 
effluent sample point was collected jointly by the treatment plant and the project team at the 
sampling location from which routine effluent sampling is performed. An in-house chlorination 
experiment at a chlorine dose of 5ppm was performed on the prechlorinated wastewater to 
replicate treatment plant chlorination under controlled laboratory conditions. Information 
collected at the plants is summarized in Table 21. Both plants were surveyed on two separate 
occasions. 

Table 2 1. Operational Data at Utility J 

I Chlorine Dose Feed Chlorine Concentration Flow Rate (MGD) 

PLANT 1 
(gallhr) (% By Volume) 

32 7.5 26.5 



4.4.1.1 Plant Jl 
On the first survey, none of the samples collected from within the treatment plant reflected a 
change in TCN from either chlorine quench or quench in combination with either nitrite or 
sulfide removal, prompting the suggestion that neither of the latter components was present in 
the wastewater. However, when all component treatments were employed, the initial cyanide 
levels of between 8 and 11Ccgn (depending on sample location within the plant) dropped to 
below 3pgL The laboratory chlorinated sample indicated a drop in cyanide when treated with 
sulfamic acid indicating the presence of nitrite in the prechlorinated water which had been 
measured at 66.4 pglL. The elevated levels of cyanide in the laboratory chlorinated sample were 
due to a chlorine overdose and the insufficient quenching of the larger chlorine residual. A 
summary of the results of total cyanide analysis are presented in Figure 10 for each of the sample 
handling procedures clustered together. Within each cluster, the stage of sample treatment 
through the treatment plant progresses from left to right. The fourth bar of each cluster on the 
extreme right represent the results of the laboratory chlorination. Given that there is no 
significant difference between the pre-chlorinated and effluent samples at this plant, it does not 
appear that chlorine plays a role in the measured levels of TCN. This observation is given further 
credibility by the absence of an effect due to the use of chlorine-quenching agents. Furthermore, 
the individual treatments removing either sulfide or nitrite similarly show no effect, yet the 
combined simultaneous presence of lead carbonate and sulfamic acid in the sample vial reduces 
TCN at all three points in the plant almost to the limit of detection. There is even an impact on 
the level of TCN in the laboratory chlorinated sample. However, it appears more likely that this 
scenario contributes to physical loss of cyanide during sample handling rather than a 
measurement of TCN in the sam~le.  
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Figure 10. Total Cyanide (TCN) Analysis at the J1 Plant; First Survey 
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At the second survey of this plant, an additional sample was collected from the prechlorination 
point and filtered (0.45 pm) prior to addition of meta-arsenite. The purpose of this was to 
examine if any cyanide present in the prechlorinated sample was lost during a filtration step such 
as would be employed during removal of precipitated sulfide. The nitrite levels in the filtered 
prechlorinated water were at 3 1.1 pg/L and an attempt was made to differentiate between an 
effect on TCN measurement resulting from removal of nitrite at the time of sample collection 
rather than just prior to analysis, as prescribed by both the Standard and EPA methods. The 
results of cyanide analysis through plant J1 are presented in Figure 11 and indicate the following 
trends: 

All samples and the applied preservation techniques yielded cyanide levels in excess of 
the permit limit of 5 p g L  
The levels of cyanide in the effluent samples are higher than in the prechlorinated 
effluent suggesting formation of cyanide during wastewater chlorination. 
If nitrite is removed just prior to analysis, as specified in the Standard Method for total 
cyanide analysis, the level of cyanide measured is elevated relative to nitrite removal at 
the time of sample collection. 
Sulfide has negligible impact on cyanide measurement at this plant. 
Nitrite removed at the time of sample collection has negligible impact on the total 
cyanide measured as compared to the quench and sulfide removed samples. This is not 
surprising given the relative low level of nitrite in the wastewater. 
The filtered, prechlorinated sample indicates a slight elevation in measured cyanide 
relative to the unfiltered sample suggesting a possible source of cyanide intrusion during 
sample handling. 
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Figure 1 1. Total Cyanide Analysis Through the J 1 Wastewater Treatment Plant; Second Survey 

In summary, it appears that the influent wastewater at the J1 plant does contain measurable levels 
of total cyanide (between 8 and 9 pg/L depending on preservation technique applied) and that 



this is increased by almost 50% during in-plant chlorination regardless of sample preservation 
technique (except as described in (iii) above). This suggests that cyanide may be formed in the 
treatment plant rather than in the collected sample. However, it is unclear whether the low level 
of nitrite measured is contributing to this mechanism. There are various other documented 
chlorination pathways that might contribute to this, although given the relatively short contact 
time before sample collection in the mid-chlorine contact chamber, it is difficult to perceive what 
these might be. Missing from the second survey was the simultaneous quenching, sulfide, and 
nitrite removal used on samples collected during the first survey. 

4.4.1.2 Plant J2 
The results for the analysis of total cyanide analysis in this plant's waters during the first survey 
are presented in Figure 12. Nitrite in the prechlorinated water at this plant was measured at a 
very high 2.3 m a .  All plant 52 samples treated with chlorine quench indicate a cyanide 
concentration of - 8 ppb. The synthetic sample cyanide concentration (laboratory chlorination of 
5 mgL) was twice as high and was most likely due to a higher in-house chlorination dose than 
was actually employed at the plant. The laboratory dose selected can only approximate that 
actually used in the plant. Those treatment plant samples from which any sulfide present was 
removed in addition to chlorine quenching, show a slightly lower cyanide concentration (-6 ppb 
TCN) as compared to chlorine quench only. The laboratory chlorinated sample indicates an 
elevated cyanide level for which no easy explanation can be given. Those plant samples 
quenched of chlorine and treated with sulfamic acid to remove nitrite indicate elevated levels of 
cyanide as compared to the quench only samples. Again, an explanation is not clear since we 
have not previously experienced a bias effect resulting from sulfamic acid addition. 
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Figure 12. TCN as a Function of Treatment Process and Sample Handling at Plant J2: First 
Survey 



The laboratory chlorinated sample, on the other hand, when treated this way, illustrates a lower 
level of cyanide. Since the laboratory handled samples are more easily controlled, this result is 
likely to be the more reliable and indicates the presence of nitrite as a source of potential cyanide 
when left in contact with wastewater quenched of chlorine. All samples treated for the 
simultaneous removal of chlorine, sulfide, and nitrite indicate levels of cyanide below 5 i*gn. 
The likelihood, therefore, is that both nitrite and sulfide are present in the wastewater and act to 
produce a positive cyanide bias during sample collection and processing rather than reflect the 
true value of cyanide in the collected wastewater. 

The second survey at the J2 plant, in which the prechlorinated effluent contained 112 pg/L 
nitrite, produced the results shown in Figure 13 which is arranged to show the relative effects of 
each stabilization approach on each sample point collected in the plant. As with the plant J1 first 
survey, an attempt was made to compare the impact on measured TCN between removing nitrite 
in the field with removal just prior to analysis up to 2 days later in the laboratory. 
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Figure 13. Total Cyanide Analysis Through the 52 Wastewater Treatment Plant: Second Survey 

The following observations can be made from Figure 13: 

(i) The filtered prechlorination sample indicates a 15% reduction in total cyanide relative to 
the unfiltered sample. 

(ii) Sulfide removal from the prechlorinated sample accounts for over 40% of the total 
cyanide measured in the quench only sample. If the results from (i) above were taken into 
account in terms of potential for cyanide co-filtration during sulfide removal, there would 



still be a significant positive bias due to sulfide presence in the sample submitted to 
analysis were the sulfide not removed. Although sulfide still accounts for a 20% positive 
bias in cyanide analysis of the mid chlorine contact chamber sample, it has a negligible 
bias in the final effluent sample suggesting that it is no longer present. 

(iii) In both the prechlorinated and effluent samples, nitrite, left in the collected sample until 
the analysis is performed, contributes to a significant part of the total cyanide measured. 
This is also reflected in the sample from which sulfide and nitrite are removed at source. 
When these sample treatments are employed, the level of total cyanide is only slightly 
above the permit limit. 

In summary, the 52 plant clearly suffers from a significant level of cyanide in the prechlorinated 
effluent that contributes an initial high positive bias to total cyanide measurement in that sample. 
As chlorination proceeds, sulfide levels are apparently reduced so that the stabilization step 
involving precipitation has less impact on the overall reduction of measured cyanide. One 
explanation for this correlation is the possible formation of thiocyanate which would represent a 
loss of both sulfide and cyanide in the chlorinated samples since it is not included in the total 
cyanide analysis. Indeed, although no thiocyanate was detected in the prechlorinated wastewater, 
5.2 Clgn was measured in the plant effluent. 

4.4.2 Application to Cyanide Analysis at the Wastewater Treatment Plants of Utility A 

Two wastewater treatment plants designated as 1 and 2 serve utility A. Both plants practice 
chlorination (in the form of chlorine gas) as the disinfection process following activated sludge 
and tertiary sand filtration but are not required to dechlorinate. Algal growth was observed in 
both of the chlorine contact chambers of both plants. Information on plant operation at the time 
of sample collection is summarized in the Table 22. 

Table 22. Plant Operational Data for Utility A 

Chlorine Dose Feed Chlorine Wastewater Flow I (lbsiday) Concentration Rate (MGD) 

4.4.2.1 Plant A1 
The results of the various stabilization procedures on TCN analyses at the various treatment 
points in this plant are summarized in Figure 14. The prechlorinated wastewater with added 
chlorine quencher indicated a total cyanide concentration of 10.8 pg/L which was reduced to 2.2 
pg/L after removal of sulfide. This suggests that sulfide in the wastewater is contributing to an 
artifactual measurement. However, when nitrite ( measured at 68.1 pg/L in the prechlorinated 
water) was removed at the time of addition of the quenching agent, the level also dropped to 3.4 
pg/L This suggests that nitrite may be the source of cyanide in the presence of added chlorine 
quencher. The combined use of chlorine quencher, nitrite and sulfide removal reduces 
measurable cyanide below practical quantitation (<2 pg/L). The chlorinated (from the chlorine 



contact chamber) and post-chlorinated (effluent) samples indicated levels of cyanide at -7 pg/L 
TCN (i.e. below that of the prechlorinated sample). A possible explanation for this trend is 
volatilization of the sulfide andlor cyanide in the chlorine contact chamber. Sulfide removal from 
these collected samples did not lower cyanide response, but nitrite removal lowered the value to 
less than 3 pg/L TCN, levels which were also observed in samples which were treated with all 
three chemicals. This suggests that nitrite rather than sulfide was the major contributor to 
cyanide formation during sample handling. The laboratory chlorinated sample generated 
comparable cyanide levels to that of the plant chlorinated sample which again were lowered 
below practical detection by the use of chlorine quencher, nitrite, and sulfide removing agents. 
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Figure 14. TCN as a Function of Treatment Process and Sample Handling at Plant A1 

The impact of nitrite and the timing of its removal in these experiments warrants further 
discussion. Standard Method 4500-CN and the equivalent EPA Methods call for the sulfamic 
acid to be added immediately before analysis to preclude its conversion into nitrous acid (HNOz) 
in the acid digester of the Standard Method apparatus. The nitrous acid, a known strong redox 
reagent, reacts with a carbon source to form cyanide in the digestion process. The sample in our 
experiments that has nitrite removed just before analysis most closely corresponds to the 
Standard Methods procedure. 

The observed results indicate that the cyanide concentrations are much greater in the samples 
that have nitrite removed immediately before analysis when compared to the samples that have 
nitrite removed at the time of sample collection. Sample analysis of TCN can take place up to 48 
hours after sample collection. At every sample point in plant A1 the cyanide concentration is 
significantly lower for the samples that have nitrite removed at the time of sample collection. For 
the pre-chlorination samples, the cyanide concentration was reduced from 10.82 pg/L (chlorine 
quench only) to 3.35 pg/L (chlorine quench and nitrate removal). The same comparison in the 
chlorine contact chamber samples shows a cyanide concentration decrease from 7.28 to 2.36 
pg/L and for the effluent samples from 6.79 to 1.98 p a .  For the laboratory chlorinated sample, 



total cyanide concentration decreased from 7.17 to 4.32 p a .  If the cyanide formation reaction 
were truly occurring in the digester, albeit in the gentler UV in the FIA method as opposed to the 
heated acid in the Standard Method, the cyanide concentrations should be the same no matter 
when the nitrite was removed; however, there is a dramatic difference in cyanide concentration 
for these samples. The only difference in these samples is the time of the nitrite removal. 
Therefore, it can be concluded that the cyanide formation reaction is occumng in the sample vial 
while being held for analysis. This is not a possible pathway considered in either of the 
prescribed methods. Further proof of this hypothesis is revealed when the samples that had the 
nitrite removed before analysis are compared to the quench only samples. Comparing these 
stabilization procedures at the same sample collection point, there is an observed correspondence 
of the cyanide concentrations for all sample collection points except for the pre-chlorination 
sample point. The fact that these samples have approximately the same cyanide concentration 
indicates that the sulfarnic acid is not removing the nitrite interference for the cyanide analysis. 
This observation is in agreement with the hypothesis of the cyanide formation reaction occurring 
in the sample vial while being held for analysis. 

The removal of sulfide and nitrite concurrently lowers the cyanide concentration more than any 
other sample stabilization procedure. All of the values are close to the practical detection limit 
of the instrument. In fact, two of the sample collection points are below this detection limit - 
pre-chlorination and laboratory chlorination. Presumably, this is due to the removal of sulfide 
and nitrite interferences, which contribute to elevated cyanide concentrations. It should be noted 
that the nitrite removal was done at the time of sample collection; however, samples that had 
simultaneous sulfide and nitrite removal performed at the time of collection were analyzed. The 
cyanide concentration in this sample was greater than the sample that had sulfide and nitrite 
removed at source - 3.72 versus 2.63 pg/L respectively. Although comparison of concentrations 
close to the practical detection limit should be viewed with caution, this trend recurred many 
times in this study. This comparison suggests, therefore, that removal of nitrite from the sample 
at the time of collection might preclude the apparent formation of cyanide during the time the 
sample is held prior to analysis. 

4.4.2.2 Plant A2 
The graphical representation of the impacts of the various stabilization procedures on TCN is 
presented in Figure 15. The quench only samples show an increased level of TCN through the 
treatment plant which might be attributed to the chlorination process coupled with the low 
concentration of nitrite (76.2 p a )  to form cyanide. The fact that the effluent sample has a 
greater cyanide level than the chlorine contact chamber sample may be due to an incomplete 
reaction of the chlorination step of this cyanide formation reaction. The cyanide concentration 
for the sulfide removed sample in the chlorine contact chamber (9.99 pg/L) was greater than the 
sulfide removed sample collected before the point of chlorination (5.22 p a )  a trend which is 
consistent with the quench only samples. Precipitation of any sulfide present raises the cyanide 
levels for the pre-chlorination and mid-point in the chlorine contact chamber sample points while 
the cyanide concentration is lowered in the effluent and laboratory chlorination samples. 
Comparison of the stabilization procedures did reveal significant trends. The samples that had 
sulfide and nitrite removed concurrently had lower cyanide concentrations when compared to 
any other stabilization procedure. Removing nitrite at source appeared to generate samples that 
exhibited lower cyanide concentrations than the quench only samples with the only exception 



being the pre-chlorination samples. This trend was seen in the plant A1 leading to the 
conclusion that nitrite must be removed to accurately portray the cyanide concentrations in 
wastewater samples, otherwise potential cyanide could be generated in the sample after 
collection. 

effluent laboratory 
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Figure 15. TCN as a Function of Treatment Process and Sample Handling at Plant A2 

Comparison of the samples in which nitrite was removed at source versus removal just before 
analysis revealed a significant cyanide concentration decrease for the chlorinated samples. The 
pre-chlorination sample did not show this trend which suggests that the chlorination could have 
changed the characteristics of the organic precursors amenable to cyanide formation in the 
presence of nitrite. 

For the mid-chlorine contact chamber, comparison of the sample that had sulfide and nitrite 
removed at source (4.19 p a )  with the sample that had sulfide and nitrite removed just before 
analysis (5.9 p a )  demonstrated the expected increase in cyanide concentration. These samples 
indicate that the cyanide formation is occumng in the sample vial and, therefore, suggest that 
removal of nitrite at the time of sample collection might be appropriate. This effect was not seen 
as clearly in the samples that tested the time of nitrite removal with the concurrent removal of 
sulfide. 

4.5 Modified Sample Collection Procedure B 

From the results described in the previous section, it was determined that the timing of nitrite 
removal during sample processing might prove critical to the artifactual measurement of cyanide. 
Consequently, for the next set of utility measurements, the sample collection procedure A 
described in section 4.4 was further modified. 



Three sample points were studied at each plant; the first was immediately prior to chlorination 
while the second was in the chlorine contact chamber. The final sample point was collected at 
the sampling site for all effluent quality laboratory analysis. For plant B2, this sample point was 
immediately before the outfall pipe. All samples were collected in clean, one-liter polypropylene 
bottles. Along with these collected samples, an in-house chlorination experiment was performed 
in the UNC laboratories on the prechlorinated wastewater. An aliquot of this sample was 
chlorinated at the same level employed on the day of sample collection at the treatment plant. In 
order to further investigate the impact of nitrite on cyanide formation during chlorination, the 
laboratory procedure was duplicated on a 700-ppb nitrite spiked prechlorinated wastewater 
sample. 

At each sample point, five different stabilization procedures were employed to test the cyanide 
concentrations along with the artifact impact on the cyanide concentrations. The stabilization 
procedures were as follows: (i) residual chlorine quenching, (ii) residual chlorine quenching and 
sulfide removal, (iii) residual chlorine quenching and nitrite removal on site, (iv) residual 
chlorine quenching on site and nitrite removal just prior to analysis, and (v) residual chlorine 
quenching, sulfide removal, and nitrite removal, all carried out on site. The preparation of the 
stabilization chemicals and their addition as appropriate to the sample collection vials was 
undertaken at the UNC laboratories prior to sample collection as described in section 4.4 with the 
following amendments: 

Chlorine Quenching and Nitrite Removal on Site: 80 pl of 6.35 g/l of sulfamic acid was used in 
place of solid reagent to have a more precise and reproducible measure of reagent. 

Chlorine Quenching, Nitrite Removal, and Sulfide Removal on Site: Lead carbonate, sulfamic 
acid, and meta-arsenite were placed at the bottom of a clean 40-ml vial. After collection of the 
sample, the contents were filtered into a 20 mL vial and the pH then raised to 12 with 50% 
sodium hydroxide. 

Chlorine Quenching on Site and Nitrite Removal at Time of Analysis: Sodium meta-arsenite was 
added as described for quenching. The sample was added, the contents mixed and the pH raised 
to 12. Just before analysis 80p1 of the 6.35gI1 sulfarnic acid solution were added with further 
mixing. 

4.5.1. Application to Utility B Treatment Plants 

Two plants, designated as 1 and 2 serve utility B. Both plants utilized the chlorination process 
for disinfection; however, plant 2 adds the chlorine as sodium hypochlorite while plant 1 adds 
the chlorine as chlorine gas. Both are activated sludge plants that nitrify the wastewater to 
comply with their discharge permits. Plant 1 adds ammonia in the chlorine contact chambers to 
get a better kill of fecal coliform and dechlorinates with sulfur dioxide. This plant also aerates in 
the contact chamber to prevent anoxic conditions developing in the receiving water. Plant 2 is 
unusual in that the chlorine contact chamber is a pipe that outfalls five miles away from the plant 
into a local stream. The effluent total cyanide permit for plant 1 is 6.6 pg/L as CN-, but the utility 
is permitted to report any result less than 20 ppb as a zero occurrence in recognition of their 



demonstration of the inadequacies of their employed analytical method (Standard Method 
4500CN-) below this value. 

Nitrite as measured in the prechlorinated waters was 3.13 mg/L at plant 1 while below detection 
(c40 p a )  at plant 2. Nitrite spiked in the prechlorinated wastewaters at 50 pg/L generated a 
75% recovery at plant 1 and 92.6% recovery at plant 2. A sample of plant 1 water with added 
sulfamic acid was also analyzed for nitrite and revealed no detectable levels, confirming the 
effectiveness of sulfamic acid in removing nitrite from the aqueous media. 

4.5.1.1 Plant B2 
The results of the total cyanide analysis at plant 2 are presented in Figure 16 with the trends 
through the plant grouped together in one block appropriate for the sample stabilization approach 
employed. For samples whose only chemical handling involved quenching of residual chlorine, 
all sample points revealed detectable levels of total cyanide. 

Quench Only Sulfide Removed Nitrite Removed Nitrite Removed Sulfide and Nitrite 
at Source Before Analysis Removed at 

Source 

Figure 16. TCN for Plant B2 Employing Different Sample Stabilization Procedures at Different 
Points in the Wastewater Treatment Process 

A value of 7.2 pgL  in the pre-chlorinated water and that taken from the mid-point of the 
chlorination chamber was increased to 14 pg/L in the plant effluent sample. The laboratory 
chlorinated sample produced comparable levels (19 pgL) and the sample with spiked nitrite was 
just slightly elevated above this at 21 pg/L. The implications of these results are that samples 



collected from the plant effluent for permit compliance using the existing procedures of Standard 
and EPA Methodologies will indicate elevated levels of total cyanide due to formation either 
during chlorination or during subsequent holding prior to analysis. The removal of sulfide, 
shown in the second grouping of this figure, while reducing levels of cyanide in the first two 
samples to below 5 pg/L, did not substantially inhibit subsequent levels of cyanide in the plant 
effluent. The laboratory chlorinated samples provide some clues to the source of cyanide 
formation. The removal of sulfide prior to analysis keeps the total cyanide level closer to the 
prechlorinated value while the addition of nitrite to the sample prior to chlorination generates 
cyanide either during chlorination or subsequent storage. When nitrite is removed at the time of 
sample collection, all cyanide levels are below 5 p a .  However, if nitrite remains in the chlorine 
quenched samples right up to the time of analysis, the levels of cyanide are comparable to those 
in the unquenched only samples, providing a strong correlation between nitrite and cyanide 
formation. This is a clear indication that the cyanide formation reaction is occurring in the 
sample vial while being held for analysis. More proof of this hypothesis is shown when the 
nitrite removed immediately before analysis samples have cyanide concentration consistent with 
the quench only samples. This is indeed the case with these samples. The difference between 
the quench only samples and the nitrite removed before analysis samples is not statistically 
significant. When both sulfide and nitrite are removed at the time of sample collection, the levels 
of cyanide in all samples are close to the detection limit (2 p a ) .  The same laboratory 
chlorination as described above but spiked with 700 CLgn nitrite produced mixed results. The 
cyanide concentration in this sample when only quenched was greater by 2 pgL. A much 
greater difference was expected. The cyanide concentration for the sulfide removed sample for 
the laboratory chlorination (4.77 p a )  was much lower than the sulfide removed, nitrite spiked 
laboratory chlorination (17.30 pg/L). Nevertheless, these concentrations are likely to be accurate 
since the nitrite removed before analysis sample (20.11 p a )  has the same concentration as the 
quench only laboratory chlorination (19.34 p a ) .  Explanation of the unrealistically low cyanide 
concentrations for the sulfide removed laboratory chlorination remains elusive. 

4SJ.2 Plant Bl 
This plant was evaluated for TCN in the same way as described for plant B2, and the results 
presented in Figure 17 again point to an interaction of nitrite with the products of chlorination. It 
is unlikely that the quenching agent is responsible for this effect since the meta-arsenite is not a 
source of carbon or nitrogen. The most obvious trend seen in these samples was the extremely 
high cyanide concentrations (-50 p a )  in the chlorine contact chamber and the effluent samples 
for the quench only, sulfide removed, and nitrite removed before analysis stabilization 
procedures. This can be attributed only to the cyanide formation associated with chlorinated 
wastewater samples in contact with high nitrite concentrations. While previous analysis 
demonstrated that the correlation of high nitrite concentrations to cyanide formations is not 
completely one to one, this evidence indicates that the nitrite is a necessary component in the 
reaction. The pre-chlorination samples had a cyanide concentration close to the practical 
quantitation limit of this methodology (2 p a )  for all the stabilization procedures, thus leading 
to the conclusion that the chlorination is necessary for the cyanide formation reaction to occur. 

The chlorine contact chamber and effluent samples had a cyanide concentration over 50 pg/L for 
the quench only, sulfide removed, and nitrite removed before analysis stabilization procedures. 
These excessive cyanide concentrations were not seen in the chlorine contact chamber and 



effluent samples that had the nitrite removed at source. In fact, the cyanide concentration 
remained constant throughout the disinfection process at 2 pg/L for the samples that had nitrite 
removed at source. 

Pre Chlorination Mid Chamber Effluent Laboratory 700 ppb Nitrite 
Chlorination Spiked 

Laboratory 
Chlorination 

Figure 17. TCN for Plant B 1 Employing Different Sample Stabilization Procedures at Different 
Points in the Wastewater Treatment Process 

The samples that had sulfide and nitrite removed concurrently had the lowest cyanide 
concentrations when compared to other stabilization procedures. These samples were analyzed 
to be below the practical detection limit of the methodology. These low cyanide concentrations 
are due to the removal of both the sulfide and nitrite interferences. 

The pre-chlorination wastewater was chlorinated at the same dosage (5 mg/L) as employed at the 
treatment plant at the time of sample collection. To again attempt a study of the effect of nitrite, 
a 700 pg/L nitrite spiked laboratory chlorination was performed. The laboratory chlorination 
followed the same trends as outlined for the samples collected at the treatment plant. For 
example, the removal of nitrite at source lowered the cyanide concentration when compared to 
the cyanide concentration of the sample from which nitrite was removed just before analysis. 
The latter sample showed insignificant difference in cyanide concentrations when compared to 
the quench only sample. The concurrent removal of both sulfide and nitrite had the lowest 
cyanide concentrations. 

One trend that was not consistent with other findings was that the removal of sulfide elevated the 
cyanide concentrations when compared to the quench only samples for both the laboratory 
chlorination and the nitrite spiked laboratory chlorination. One possible explanation is that the 
filters used in removing the precipitated sulfide might have been contaminated. However, these 



results indicate that sulfide is not a contributing source of positive bias in total cyanide 
measurements at this plant. 

Analysis of the nitrite spiked laboratory chlorination sample revealed higher cyanide 
concentrations than the unspiked laboratory chlorination for the following stabilization 
procedures: quench only, sulfide removal, and nitrite removal immediately before analysis. This 
is consistent with the findings of previous samples and the hypothesis of the cyanide formation 
reaction. These stabilization procedures will not remove nitrite at the time of sample collection. 
The samples, which were collected after the chlorination point in the wastewater treatment plant, 
exhibited significantly elevated levels of cyanide concentration. This is consistent with the 
hypothesis that the chlorination process produced compounds that reacted with nitrite to form 
cyanide while samples were being held for analysis. 

When nitrite is removed at source either alone or concurrently with sulfide, the cyanide 
concentration was not greater in the nitrite spiked sample. Surprisingly, the cyanide 
concentration was lower in the nitrite spiked laboratory chlorination sample (4.48 p@) than in 
the unspiked laboratory chlorination (12 pgL) when nitrite is removed at source, but this 
difference is insignificant. 

4.5.2. Application at Utility A Treatment Plants 

4.5.2.1 Plant A1 
Nitrite levels in the prechlorinated effluent during this survey were measured at 98.0 pg/ which 
is typical for wastewater treatment plants that have a well running nitrifying process. Figure 18 
summarizes the measurements of TCN at each sample collection point and for each stabilization 
technique. 
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Figure 18. TCN Analysis at Plant A1 as a Function of Sample Collection Point and Stabilization 
Procedure 

There appears to be no statistical difference between any of the stabilization procedures at a 
single sample point. The pre-chlorination samples all have a cyanide concentration of -10pgL. 



The fact that there is less than 5% numerical difference between any of the results indicates that 
the nitrite and sulfide were not interfering with analysis. If any sulfide or nitrite were to cause 
elevated cyanide concentration, at least one of the stabilization procedures would show a 
significant decrease in the cyanide concentration. The detected cyanide can be attributed to 
influent sources to the wastewater treatment plant. 

The chlorine contact chamber samples had a slightly greater cyanide concentration of -14 p a .  
The cyanide concentration for the chlorine contact chamber samples remained constant no matter 
which stabilization procedure was employed. This indicates that nitrite and sulfide interferences 
were not present. The increase from the pre-chlorination samples to the mid chlorine contact 
chamber samples could be due to the heterogeneity of wastewater that lead to the difference in 
cyanide concentration. 

The effluent samples had an average cyanide concentration of -14 yg/L that was not statistically 
different from the mid chlorine contact chamber samples. The cyanide concentration did not 
change depending on the stabilization procedure used. As with the other sample point, this 
indicates that the sulfide and nitrite were not interfering with analysis; thus, the detected cyanide 
is caused by cyanide influent to the chlorination process. 

The laboratory chlorination, dosed at 5 mg/L, had much greater cyanide concentrations than the 
other sample points (>35 yg/L) but there was not a significant difference between the 
stabilization procedures. Taking into account that the laboratory chlorination was performed on 
the sample a couple of days after the wastewater was collected, there must have been cyanide 
formation while the sample was being held in the laboratory. The removal of nitrite should have 
prevented the cyanide reaction from occurring. There is no statistical difference among the TCN 
results obtained from the stabilization procedures used on the laboratory chlorinated samples, 
suggesting that the cyanide must have been generated before the stabilization procedures were 
employed. Sulfide cannot be the cause of the elevated cyanide concentrations. If sulfide were to 
be generated in the sample, the stabilization procedures that remove sulfide would cause the 
apparent cyanide concentration to be lower. Cyanide formation by nitrite cannot be ruled out in 
the same manner. A sulfide solution will cause a positive response in the cyanide analyzer, but a 
pure nitrite solution will not. Nitrite is believed to be involved with a cyanide formation reaction. 
This reaction could have occurred in the sample before the chlorination and subsequent 
stabilization procedures were employed. This is the probable cause of the elevated cyanide 
concentrations in the laboratory chlorination. 

The fact that there was not a significant cyanide formation in either of the two utility plants 
indicate that there was either insufficient nitrite or cyanide forming carbon precursor material. 
Plant A2 had a high nitrite concentration while plant A1 nitrite level was moderate. It is believed 
that these plants did not have the organic precursors to form cyanide. The same inspection of the 
results from the first sampling trip to this utility revealed the same conclusion. 

In addition to the sampling techniques described above, we also attempted to discern whether the 
approach to removal of nitrite and sulfide on-site simultaneously removed cyanide present in the 
matrix. Replicate samples were collected from various points within the plant and distributed 
among 50 mL volumetric flasks to which a cyanide spike was added equivalent to 10 pg/L total 



cyanide (5.4 Ccgn complex cyanide + 4.8 pg/L free cyanide). The solution was mixed and then 
transferred to the appropriate 40 mL vials containing the stabilization agents. Table 23 presents 
the results of this investigation. 

Table 23. Total Cyanide Spike Recoveries at Plant A1 as a Function of Sample Collection Point 
and Stabilization Procedure 

Quench Only: 

Sulfide Removed: 

Pre-chlorination 
Mid Chlorine Chamber 

Effluent 

10.6 18.7 0.94 81.1 153 
13.8 18.8 0.1 3 49.8 94 
13.5 19.1 1.05 56.0 106 

Nitrite Removed at 
Source 

Pre-chlorination 
Mid Chlorine Chamber 

Effluent 

I Mid Chlorine Chamber 1 14.4 19.6 0.26 51.4 96.9 

9.06 17.1 0.82 77.4 146 
14.0 20.4 0.88 45.0 84.9 
13.5 17.6 0.10 34.9 65.8 

I Effluent I 14.0 18.7 0.22 47.2 89.0 

Sulfide and Nitrite Removed at 
Source 

Nitrite Removed before 
Analvsis 

Pre-chlorination 
Mid Chlorine Chamber 

Effluent 

10.6 16.8 1.50 61.7 116 
11.9 18.5 0.58 66.4 125 
14.6 16.9 0.12 23.3 44.0 

100% spike recovery was not expected since the wastewater was at ambient pH when the 
cyanide spike was added. The free cyanide component of the cyanide stock solution would have 
the chance to volatilize since it would be in the protonated form. The free cyanide comprises 
48% of the total cyanide while the remaining complex component (54%) should remain in 

_I 

Mid Chlorine Chamber 
Effluent 

15.8 19.0 0.37 31.5 59.4 
15.1 18.5 0.09 33.2 62.7 



solution. Since the spike was added to the wastewater prior to the addition of stabilization agents 
and elevation of pH, it is quite likely that some of the free cyanide added may have volatilized 
before the samples could be preserved. Because of this considerati on, two separate spike 
recoveries were calculated. The first was based upon the total cyanide that was added (column 5 
in Table 23) while the second was based on the amount of complexed cyanide added in the spike 
(column 6 in Table 23). Since the stabilization agents are added in excess to the sample vials, a 
measured spike recovery would indicate that the stabilization agent was not removing the 
cyanide from the sample. This is indeed the case. There is at least some spike recovery in each 
of the stabilization procedures. The samples that had nitrite removed before analysis had the 
lowest spike recoveries (-30%). This is of concern since the Standard Method 4500-CN 
stabilization and preservation method practices nitrite removal by this approach. There is no 
explanation of this lower recovery. However, the procedure employed to remove both nitrite and 
sulfide at the source does not reveal significant loss of spike from the midchlorine chamber 
sample compared to the stabilization procedure where only chlorine quenching takes place. The 
effluent from this plant had been dechlorinated with sodium sulfite prior to sample collection and 
this clearly had an impact on all spike recoveries which were lowest at this point out of all the 
three collected. These results serve to reinforce the notion that nitrite removal at the time of 
sample collection does not falsely bias measurements of cyanide that are present in the water. 
Again we have to understand that the approach to cyanide spiking in this experiment does not 
preclude immediate volatilization of HCN since the spike is added at the water's ambient pH 
which is lower than the pK, for HCN. The recoveries of the complex cyanide are greater than 
those for the total cyanide spike in most of the samples, probably for this very reason. 

It is, however, the comparative view that is sought - i.e. if a particular stabilization procedure 
caused cyanide loss in the collected sample, then the spike recovery for one particular procedure 
would be much lower than that of a procedure known to not affect recovery. The benchmarks for 
this comparison are the nitrite removal just prior to analysis utilized in the Standard Method and 
the quenched only sample which we have previously reported as preserving cyanide integrity in 
wastewater samples. Observations from the results shown in Figure 18 indicate that the impact of 
nitrite on cyanide formation during sample processing at other plants is not apparent at plant Al .  
A level of 10.6 pg/L in the quenched-only pre-chlorinated sample becomes only slightly elevated 
to 13.8 pgL  in the chlorinated samples. These levels are almost repeated in the nitrite- and 
sulfide-removed samples. Only the sample in which nitrite is removed just prior to analysis is the 
level of cyanide somewhat elevated (15.8 p a ) .  Cyanide spike recovery in the mid-chlorine 
contact chamber sample is significantly below that of the quench-only sample in the case of the 
sample in which nitrite is removed just prior to analysis. This is further confirmation that the 
stabilization procedures introduced in this project are effective techniques for monitoring true 
cyanide levels and are not in themselves responsible for cyanide losses. 

4.5.2.2 Plant A2 
Figure 19 illustrates the cyanide concentration as a function of sample collection point and 
stabilization procedure. The quench only stabilization procedure had the greatest cyanide 
concentration when compared to the other sample stabilization procedures for all samples 
collected at the treatment plant. For the laboratory chlorination, the quench only sample was the 
lowest compared to the other stabilization procedures. There appears to be no other trend 
between the stabilization procedures. 



The levels of TCN in the chlorine contact chamber samples appeared to be independent of the 
stabilization procedures indicating the absence of nitrite and sulfide interferences. The increase 
from the pre-chlorination samples to the mid chlorine contact chamber samples could be due to 
the heterogeneity of wastewater that lead to the difference in cyanide concentration. 

P re- Mid Chlorine Effluent Laboratory 
chlorination Chamber Chlorination 

Figure 19. TCN Levels in Plant A2 Wastewater Samples as a Function of Sample Collection 
Procedure and Sample Collection Point 

The effluent samples had an average cyanide concentration of -7 pg/L that differed from the 
analysis of the mid chlorine contact chamber samples by less than 5%. Since cyanide 
concentration did not change with the stabilization procedure used, this again suggests that the 
sulfide and nitrite were not interfering with analysis and that the detected cyanide appears to be 
caused by cyanide influent to the chlorination process. 

The laboratory chlorination had much greater cyanide concentrations than the other sample 
points (>45 pg/L). Like the other sample points, there is not a significant difference between the 
stabilization procedures. Although the quench only sample has the lowest cyanide concentration, 
the error of analysis makes this insignificant. Taking into account that the laboratory 
chlorination was performed on the sample a couple of days after the wastewater was collected, 
cyanide formation probably occurred in the held sample. Sulfide cannot be the cause of the 
elevated cyanide concentrations. If sulfide were to be generated in the sample, the stabilization 
procedures that remove sulfide would cause the cyanide concentration to be lower. Cyanide 
formation by nitrite cannot be ruled out in the same manner. The presence of sulfide will cause a 
positive response in the cyanide analyzer, but nitrite will not. Additional nitrite, which may have 
been generated in-situ due to partial nitrification, could engage a particular carbon source in the 



wastewater to generate conditions appropriate to cyanide formation during chlorination. Since 
the nitrite was removed only after chlorination, these results serve to indicate a process different 
from that obtained in the treatment plant samples. This reaction could have occurred in the 
sample before the chlorination and subsequent stabilization procedures were employed. This is 
the probable cause of the elevated cyanide concentrations in the laboratory chlorination. 

4.5.3 Application to Plant C2 
In the results of an earlier survey at this plant (Section 4.3.2), it was shown that nitrite was a 
contributing factor to cyanide measurement in the post-chlorinated effluent. Furthermore, it 
appeared that when nitrite was removed, the level of TCN in the dechlorinated effluent was 
identical to that in the influent water to the plant. In this survey, an extra sample bottle was 
prepared for each of the added reagents for the effluent sample to provide a degree of quality 
control on the complete method. The results for this survey of the plant are presented in Figure 
20. The effluent point in this plant is after dechlorination with sulfur dioxide. 
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Figure 20. Total cyanide analysis at Wastewater Treatment Plant C2 

The results shown above can be interpreted in several ways. 
(a) The prechlorinated samples indicate the lowest levels of cyanide of all the sample points 

surveyed. While most of the various reagent treatments reveal cyanide levels within 
experimentally equivalent ranges, there is an indication that when nitrite is removed just 
prior to analysis, the level of cyanide measured is elevated relative to all other treatments 
applied on the prechlorinated water. 

(b) All mid-chlorine contact chamber samples indicate elevated levels of cyanide compared to 
prechlorination, suggesting formation of cyanide during treatment with chlorine. 

(c) Samples collected from the effluent point after dechlorination show that the elevated cyanide 
levels of the mid-point in the chlorine chamber are now reduced although not to the levels of 
the influent, prechlorinated water. Essentially, dechlorination in addition to removing free 
chlorine also has the potential to convert free cyanide and thiocyanate to cyanate which is not 
included in the TCN measurement (Weathington, 1988); 



It appears that in spite of a measured level of nearly 200 pg/L soluble nitrite in the 
prechlorinated water, the removal of nitrite prior to sample holding and analysis does not 
have any major impact on the final cyanide analysis. This water is also not particularly 
impacted by the levels of sulfide in the influent water. 
Finally, in terms of duplicate method analyses, there is very good correlation between the 
results in all samples justifying the sample handling, processing, and analysis procedures that 
have been evolved and subsequently used throughout this project. 

4.6 Impact of Nitrite on Cyanide Measurements in Chlorinated Waters 

It was observed at many plants that the removal of nitrite at the time of sample collection 
decreased the levels of total cyanide compared to both a sample from which removal of nitrite 
occurred just prior to analysis and to a sample which was only quenched of residual chlorine. 
The comparative effect of the two nitrite removal techniques is presented in Table 24 which 
summarizes the cyanide concentration for samples that were collected in the chlorine contact 
chamber. 

Table 24. A Summary of the Impact of Nitrite on Cyanide Levels for the Wastewater Treatment 
Plants Surveyed in the Project 

A2 76.2 7.5 1 7.39 5.18 
A1 survey) 98.0 13.8 15.8 14.4 
A2 (2nd survey) 1260 9.22 8.86 8.2 1 

Legend - NA indicates data not available 



Nitrite has the potential to generate nitrous acid during sample digestion and this is the basis for 
the prescribed handling of this interferent in the existing standard and EPA methods. However, 
this approach does not take account of potential reactions between nitrite and a carbon- 
containing component of the wastewater during prolonged holding prior to analysis and at 
elevated pH to form cyanide. The latter effect is demonstrated by the difference in measured 
cyanide levels as a result of the two nitrite handling procedures. Generally, the results of Table 
24 also illustrate the potential positive bias that can be created by leaving nitrite in the solution 
prior to analysis. This is demonstrated by a comparison of the cyanide analysis in the quenched 
only and nitrite removed samples. The general observation is that the higher nitrite 
concentrations contributed to significant cyanide formation in the mid chlorine contact chamber 
samples. Plants A2 second survey and 52 are notable exceptions to this trend. For these plants, 
there was a relatively high nitrite concentration, but with no extreme cyanide formation in the 
mid chlorine contact quench only sample. It is believed that these values are outliers. 



5.0 CONCLUSIONS 

This study was initiated because of the intermittent but in some cases persistent inability of 
certain wastewater treatment plants in North Carolina to meet the effluent discharge limits for 
one or more the trace components cadmium, mercury, and cyanide. In order to obtain precise and 
accurate measurements of these components at trace levels in such a complex matrix, it is 
essential that precise sample handling, processing, and analytical protocols be followed. In some 
cases, this is not emphasized sufficiently in the prescribed and published methods which utilities 
and their contract analytical laboratories follow. In many cases, screening for interferences is not 
routinely practiced but this is part of the methodology and laboratories must incorporate these 
fully if accurate measurements, within the limitations of the methods, are to be obtained. Some 
of the instructions to deal with potential interferences are not clear and have even been 
demonstrated to be insufficient or inappropriate. Indeed, in this study some of the approaches are 
inadequate to provide consistent and quality controlled recovery of the target analytes from the 
wastewater effluent for which the methods are developed. 

The project conclusions can be stated for each of the target species. 

5.1 Cadmium 

Sensitive analytical methodologies exist that can accurately and precisely measure cadmium at or 
below the permit levels. However, these methods and the accompanying sample collection and 
handling must take place in an environment appropriate for trace metal analysis. The procedures 
provided in this report when followed allow for this standard. Essentially, all utilities that need to 
collect wastewater samples for trace cadmium analysis need at a minimum to demonstrate 
adherence to the protocols of sample handling. If their laboratory is not equipped to process trace 
metals then it is essential that such samples be processed by a contract laboratory that is. 
However, the contract laboratory needs to provide data validity by providing to the utility reports 
showing the appropriate quality control steps to validate analysis as described in the appendix. 
Among these, demonstrating acceptable recoveries of spiked levels of cadmium at the 
quanti tation limit is essential. 

5.2 Mercury 

Because permit levels are set at the quantitation limit for the analysis of mercury by the 
prescribed method of cold-vapor atomic absorption methodology, laboratories need to be able to 
demonstrate an even higher level of quality control attainment than described for cadmium. The 
split sample analysis performed during this study illustrated the lack of consistent achievement in 
this area by most of the participating laboratories. Given the need to prevent mercury discharges 
into receiving streams at levels, for all practical purposes, below quantitation, monitoring for this 
trace metal can be successfully achieved only by an extended effort of personnel training both at 
the utility and the analytical laboratory. This report makes the strongest recommendation that 
utilities put in place a mechanism by which they routinely assess the capability of their analytical 
laboratory to achieve stringent returns on their quality control procedures as outlined in the 
appended protocols. Utilities can incorporate their own assessment of the laboratory's capability 
by occasionally providing their own "blind" samples (i.e. effluent wastewater samples spiked in 



their laboratory with mercury in the range of the quantitation limit). As utilities are responsible 
for the data they furnish to the State, it is in their strongest interest to be constantly assured that 
the analytical results they receive are validated. In the long-term, this report makes the case for 
an expanded use of new analytical methodology that is sensitive to mercury in wastewaters at 
levels at least an order of magnitude below what can be currently achieved. 

5.3 Cyanide 

The issues associated with meeting permit levels for the discharge of total cyanides from 
wastewater plants was demonstrated to go beyond just the sample handling and analytical 
methodologies. Whereas, for cadmium and mercury, it may be possible for a laboratory to 
accurately measure the trace metals at their practical quantitation limit and preclude sample 
contamination during handling or analysis, this is not always true for the analysis of cyanide. 
This report has demonstrated the inability of "qualified" laboratories using the existing published 
procedures to return valid quality control and analytical data. The results of split sampling of 
effluent samples between such laboratories also pointed to some major inadequacies with the 
currently practiced procedures. Whereas the initial review of utility data provided some 
consolation and relief for those plants that had converted their disinfection from chlorine to UV, 
this would be an extreme measure for plants to have to resort to for the sole purpose of meeting 
their discharge permit levels for cyanide. Nevertheless, the report demonstrates that the complex 
chemistry that exists in wastewater plant treatments and subsequent handling of samples cannot 
preclude the formation of cyanide in the treatment plant or in the collected samples. The issues 
associated with the ability to carry out adequate quality control as described for the trace metals 
is hampered by the use of outmoded analytical methodologies for cyanide measurements. This 
report provides evidence of the ability to utilize a modem, totally automated alternative 
procedure to permit this first step in data validation. At the time of submitting this report, the 
procedure, submitted to the U.S EPA as Method OIA-1678, has undergone extensive review and 
has been returned to the instrument manufacturers for clarification on a few key points. 
Essentially though, utilities have the option to demonstrate equivalent capability of this method 
through the EPA Streamlined Methods options. Again utilities have to be assured that contract 
laboratories are providing valid data and they are encouraged to prepare their own spiked 
samples at a level close to that permitted for analysis. 

On the subject of artifactual formation of cyanide, this project investigated the potential 
formation of cyanide after chlorination of municipal wastewater as a function of the variable 
wastewater quality. These variables included such chemical constituents as sulfide, nitrite, and 
free chlorine and some conclusions that can be drawn from this study are as follows: 

1. Although the presence of free chlorine in a sample for analysis will bias the TCN result, the 
removal of free chlorine is a potential source of positive bias. Only sodium meta-arsenite was 
demonstrated routinely to guard against this interference while achieving the goal for which 
its use was prescribed. Plants are recommended to replace other frequently used quenching 
agents, such as ascorbic acid and thiosulfate, with sodium meta-arsenite as prescribed in the 
appended procedures. 



Sulfide is a direct positive interference with all methods used for total cyanide analysis. The 
currently prescribed procedure for determining whether sulfide is an interferent or not (use of 
lead acetate paper) is insufficiently sensitive to determine its presence at the part-per-billion 
level. It is, therefore recommended that its removal, through chemical precipitation with a 
heavy metal, be utilized for all samples collected. It is essential when using this method, the 
addition of the heavy metal and subsequent filtration be carried out simultaneously to 
minimize adsorption losses of cyanide on the precipitate. 

Wastewaters with elevated nitrite concentrations appear to generate high cyanide levels when 
chlorinated. This level is higher if the nitrite remains in the collected sample up to the time 
the sample is analyzed as prescribed by current procedures. It is strongly recommended that 
sulfamic acid be present in the sample bottles used for sample collection. This requires a 
change to the practice of sample preservation as current1 y practiced. 

The cyanide formation reaction that takes place in the treatment plant and subsequent sample 
processing appears to be a two step reaction. The first step of the reaction occurs in the 
chlorine contact chamber when an unknown reactive carbon precursor reacts with chlorine to 
form either a component of TCN or a TCN precursor compound. The second step occurs 
when this newly created carbon reacts with nitrite in the sample vial to form cyanide. 

It is clear then, that even with the current procedures practiced by plants and their contract 
laboratories, substantial adjustment of these procedures needs to be practiced to preclude a false 
reading of cyanide levels in their plant discharges or from generating cyanide in the plant. 
Chlorination seems to be the essential component contributing to cyanide formation in the plant 
but dechlorination where practiced might be an effective pathway to subsequently destroy 
residual cyanide. Thiocyanate is also a potential precursor for free cyanide formation during 
wastewater treatment and methods exist that can be used to determine if elevated levels are 
present in the prechlorinated wastewater. 

(i > 

(i i) 

(iii) 

Utilities that have recurrent problems with meeting their discharge permits for total cyanide have 
a few options available to them: 

require their analytical laboratories to provide quality control data especially for spiked 
matrix samples in the 5-10 pgL range, present matrix specific PQLs, and request that 
they provide for removal of nitrite at the time of sample collection 
if a plant is currently employing dechlorination, samples should be collected after the 
point of addition of sulfur dioxide as this would be more representative of the water 
discharged from the plant 
have problem samples analyzed by more than one accredited laboratory. If the reported 
levels are in conflict, provide this information to the State regulatory agencies to which 
you are required to submit routine analytical results. By furnishing such conflicting data 
from State certified laboratories to the regulatory agency, evidence of analytical method 
failure will have been demonstrated. Although this cannot preclude the possibility of 
permit violation if one of the results is above the permit limit, the NPDES permit holder 
will have sufficient evidence to request a delay in any punitive action by the regulatory 
agency. Those responsible for the State laboratory certification process must then be 
asked to validate the certification of the laboratories that generated the analytical data. If 



necessary, the State water quality laboratory and the accredited laboratories should be 
provided with split samples. If the data conflict persists, shortcomings in the 
methodologies will have been demonstrated and the data cannot be used as evidence of 
permit violation. Negotiations between regulatory agency and permit holder should then 
take place to discuss a prudent course of action that could be taken to generate a valid 
analytical methodology. Given the number of identified laboratories whose sample 
analyses data failed QC in this study, it is strongly suggested that current laboratory 
accreditation provided by the State be tightened to ease the burden on utilities to identify 
credible facilities to perform these complex analyses. 

In final conclusion, the investigating team charged with this research strongly believes that it is 
still possible to accurately measure the true discharge levels of trace components of wastewaters 
with adequate training of laboratory and plant personnel and with the utility requiring evidence 
that the data they are provided is valid. This report provides some suggestions as to how this can 
be achieved. 
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7.0 ABBREVIATIONS 

AAS - atomic absorption spectrometry 
EPA - United States Environmental Protection Agency 
FIA - flow injection analysis 
IC - ion chromatography 
LGW - laboratory grade water 
MDL - method detection limit 
NPDES -National Pollution Discharge Elimination System 
pA - picoamperes 
PCR - post column reaction 
POTW - publicly owned treatment works 
PQL - practical quantitation limit 
QA - quality assurance 
QC - quality control 
SOP - standard operating procedure 
TCN - total cyanide 
UNC - University of North Carolina 
UV - ultra violet 





8.0 APPENDICES 



8.1 Appendix A 
QUESTIONNAIRE FOR ROUTINE CADMIUM ANALYSIS 

Name of person completing this form 
Telephone number Fax number 

Name of Treatment Plant(s) 

You are asked below to give details about the method you use for routine cadmium 
analysis. Please attach a copy of your Standard Operating Procedure (SOP) to the 
completed questionnaire. 

Sample Collection 
Sample collection bottle: material volume 

How is sample bottle cleaned 

Preservative used Supplier Grade 

How is preservative prepared 

Quantity of preservative added to sample bottle 

When is preservative added to sample bottle 

How is sample added to sample bottle 

Is there headspace present in the sample bottle afrer collection of sample 

Is the sample bottle mixed at time of collection? 

How long are samples stored before analysis and where 

If samples are analyzed by commercial laboratory, answer the following questions: 
Name of commercial laboratory 
Do you routinely send the following samples for analysis: (*circle as appropriate) 

Travel (or field) blanks Yes/No* 
Rep1 icates Yes/No* 
Standards Yes/No* 
Spiked samples Yes/No* 

If samples are analyzed in your laboratory, whether routinely or occasionally, please 
continue the questionnaire 



Digestion 

What type of digestor do you use 

How are the glass vessels cleaned and how ofen? 

Volume of sample digested rnL 

Name the vpe  and concentration of acid used 

Volume of acid added rnl 

Sample volume reduced to approximately rnL 

Filtration apparatus used (specify whether all glass) 

How is filtration apparatus cleaned and how ofen? 

Filter type 

How many samples used per filter? 

To what final volume is the sample made up and with what liquid? 

Are replicate samples routinely digested? If so, how many? 

Are samples spiked before digestion ? 
I f  so, how ofen? At what level? pg/L 
What is the typical spike recovery? % 

Calibration 

Name source and concentration of cadmium standard stock solution 

List the concentrations used for instrument calibration 

Instrument manufacturer and model number 

Type of background used 
How do you measure eficiency of background correction? 



Calibration (continued) 

How ofen is instrument calibrated? 

What is the instrument detection limit? 

How was this evaluated? 

Analysis 

Do you use graphite furnace or jlame? 

Do you use matrix modifiers? 
I f  so, give name, concentration, and how added 

How have you assessed modifier purity? 

Do you perform calibration checks during analysis? 
I f  so, after how many samples and at what level? 

I j  during your calibration check, absorbance values differ from that during a 
previous calibration check, what measures do you take (if any)? 

Are samples spiked afer digestion? 
Ifso, at what level pg/L 
How often 
What is a typical spike recovery? % 

Do you have any other QMQC issues that we have omitted and which you would like to 
include ? 

List below and over the page any problenzs you have encountered either with the method 
or the instrumentation you use and which you believe may have compromised sample 
analysis 



8.2 Appendix A2 
QUESTIONNAIRE FOR ROUTINE MERCURY ANALYSIS 

Name of person completing this form 
Telephone number Fax number 

Name of Treatment Plant@) 

You are asked below to give details about the method you use for routine mercury analysis. 
Please attach a copy of your Standard Operating Procedure (SOP) to the completed questionnaire 

Sample Collection 
Sample collection bottle: material volume 

How is sample bottle cleaned 

Preservative used Supplier Grade 

How is preservative prepared 

Quantily of preservative added to sample bottle 

When is preservative added to sample bottle 

How is sample added to sample bottle 

Is there headspace present in the sample bottle after collection of sample 

Is the sample bottle mixed at time of sample collection ? 

How long are samples stored before analysis and where 

If samples are analyzed by commercial laboratory, answer the following questions: 
Name of commercial laboratory 
Do you routinely send the following samples for analysis: (*circle as appropriate) 

Travel (or field) blanks YeslNo* 
Rep1 icates YesINo* 
Standards YeslNo* 
Spiked samples YesINo* 

If samples are analyzed in your laboratory, whether routinely or occasionally, please continue 
the questionnaire 

Name instrument. model number and method used for mercury analysis 



Volatilization 
What type of reactor do you use 

How are the glass vessels cleaned and how often 

Volatilization (continued) 
Name the reagents, their concentration, and time of reaction 

Volume of sample reacted rnL 
Do you produce a precipitate during reaction YesINo (circle as appropriate) 

Ifyes, how do you remove it? 

How are chlorides removed? 

At what stage is the reaction vessel connected to the spectrometer? 

Are replicate samples routinely reacted? If so, how many? 

Are samples spiked before reaction ? 
I f  so, how often? At what level ?-g/L 
What is the typical spike recovery? % 

Describe any special procedure used to recover and quantify organo-mercury compounds 

Calibration 

Name source and concentration of mercury standard stock solution 

List the mercury concentrations used for instrument calibration 

How often is instrument calibrated? 

What is the instrument detection limit? cia 



Calibration (continued) 

How was instrument detection limit evaluated? 

Have you ever calibrated organo-mercury compounds? YesINo (circle as appropriate) 
I f  yes, name the compounds and concentrations at which calibration was made 

Analysis 

Do you perj6or-m calibration checks during analysis? 
I f  so, afer how many samples and at what level? 

IJ during your calibration check absorbance values differ from that during a previous 
calibration check, what measures do you take (ifany)? 

Do you have any other QA/QC issues that we have omitted and which you would like to include? 

List below any problems you have encountered with the method you use or the instrumentation 
that you believe may have compromised sample analysis 



8.3 Appendix A3 
QUESTIONNAIRE FOR ROUTINE CYANIDE ANALYSIS 

Name of person completing this form 
Telephone number Fax number 

Name of Treatment Plant@) 

You are asked below to give details about the method you use for routine cyanide analysis. 
Please attach a copy of your Standard Operating Procedure (SOP) to the completed 
questionnaire. 

* indicates that you are requested to circle the appropriate response 
Sample Collection 
Sample collection bottle: material volume 

How is sample bottle cleaned? 

Prese native used Supplier Grade 

How is preservative prepared ? 

Quantity of preservative added to sample bottle 

When is prese rvative added to sample bottle ? 

How is sample added to sample bottle? 

Is there headspace present in the sample bottle after collection of sample? Yes/No* 

Is the sample bottle mixed at time of sample collection? 

How long are samples stored before analysis and where? 

Sample screening 

Do you screen for interferences or routinely add reagents to the sample? Yes/No* 
If yes, please answer the following: 
At what stage of sample handling do you screen for or add reagents? 

What is a typical residual chlorine range in your effluent? 
How do you screen or treat sample for residual chlorine? 



Sample screening (continued) 

Which reagents do you use, how do you prepare them, and how much do you add per 
sample ? 

Do you re-test the sample afer addition of reagents to determine whether residual 
disinfectant is still present? YesNo* 

Do you test for and remove aldehydes? YesfNo* 
If yes, at what stage of sample handling do you screen for or add reagents? 

How do you screen or treat sample for aldehydes? 

Which reagents do you use, how do you prepare them, and how much do you add per 
sample ? 

Do you re-test the sample afer addition of reagents to determine whether aldehydes are 
still present? YesfNo* 

What is a typical range of sulfide levels in your efluent? 
Do you test for and remove sulfides? YesINo* 
Ifyes, at what stage of sample handling do you screen for or add reagents? 

How do you screen or treat sample for sulfides? 

Which reagents do you use, how do you prepare them, and hi; much do you add per 
sample ? 

Do you re-test the sample afer addition of reagents to determine whether sulfides are 
still present? YesINo* 

Are there any other interferences for which you screen? YeslNo* 
If yes, please give details here 

Do your efluent samples typically have a foam? YesINo* 
What is a typical range of efluent alkalinities? 
What is a typical range of efluent hardness? 



If samples are analyzed by commercial laboratory, answer the following questions: 
Name of commercial laboratory 
Do you routinely send the following samples for analysis: 

Travel (or field) blanks Yes/No* 
Replicates YeslNo* 
Standards Yes/No* 
Spiked samples YeslNo* 

What directions does the commercial laboratory give you regarding sample collection and 
hand1 ing ? 

What chemicals are in the sample bottles you receive? 
- -  -- 

I f  you are required to add your own reagents to these bottles, what reagents do you add, how 
much ofeach, and at what stage of sample collection? 

Ifyou know what method is used by the commercial laboratory for the determination of cyanides, 
please name here 

If samples are analyzed in your laboratory, whether routinely or occasionally, please continue 
the questionnaire 

Sample treatment 
What sample volume is used during recovery of cyanides? mL 
What volume of sodium hydroxide is the cyanide recovered into? mL 
Which reagents and what quantity do you add to the sample in the reaction vessel? 

Name the manufacturer of your distillation or microwave apparatus used for sample treatment 

How are the glass vessels used in this apparatus cleaned and how often? 

Have you ever added potassium pemzanganate to the reaction vessel? Yes/No* 
For how long do you reflux sample? 
To whatfinal volume is the sodium hydroxide recovery solution made up? rnL 

Are replicate samples routinely treated? If so, how many? 

Are samples spiked before treatment? Yes/No* 
I f  yes, how often? At what level? pg/L 
At what stage of sample treatment is the spike added? 



What is the typical spike recovery? % 
Sample treatment (continued) 

If your method differs in any detail from that of Standard Method 4500CN-C (attached) please 
give details here 

Calibration 

Name source and concentration of cyanide standard stock solution 

List the cyanide concentrations used for instrument calibration 

Please attach a typical calibration curve 

Name and model of spectrophotorneter or Flow Injection Analysis system 

How ofen is instrument calibrated? 

What is the instrument detection limit? cl& 

How was instrument detection limit evaluated? 

Do you calibrate on samples that have been distilled? YesINo* 
What volume of calibration sample is used for color development? 

Analysis 

Do you use colorimetric analysis? YesINo* 
If no, please give details of your method 

If yes, do you use pyridine-barbituric acid and chloramine T? Yesmo * 
Please list reagents used if different from these 



Analysis (continued) 

Name and model of spectrophotometer or Flow Injection Analysis system 

Do you perform calibration checks during analysis? 
I f  so, afer how many samples and at what level? 

l$ during your calibration check absorbance values differ from that during a previous 
calibration check, what measures do you take (if any)? 

Do you have any other QA/QC issues that we have omitted and which you would like to include? 

List below any problems you have encountered with the method you use or the instrumentation 
that you believe may have compromised sample analysis 



8.4 Appendix B1 

PROPOSED PROCEDURE FOR THE ANALYSIS OF CADMIUM IN 
WASTEWATER 

Notes on sources of error 
Background contamination and false positive analyses of samples will occur if sample 
handling, digestion, reagent and glassware preparation are canied out in a laboratory 
space which is not metal- or dust-free. An additional source of error is the use of 
inappropriate acids. While general reagent-grade acids can be used for cleaning purposes, 
certified trace-metal grade acid (e.g. Fisher Scientific) should be used for digestion and 
for preparation of solutions and should be stored away from the general use acids to 
prevent incorrect use. Use powder-free latex gloves, remove wrist watches, and wear 
tyvex coveralls during all sample handling both at the site and in the laboratory. 

Glassware preparation 
Soak in a detergent solution which is metal-free and nonionic (preferably liquid alconox) 
for at least 24 hours at 7Of 5OC. Rinse thoroughly with tap water and then place in a nitric 
acid bath for at least 1 hour. The bath may be made of Nalgene and the acid (reagent 
grade) should be made up at 50% concentration (i.e. 1 volume of concentrated acid to 1 
volume of metal-free water). Always analyze your water for cadmium prior to use. After 
removing glassware from the bath, thoroughly rinse with tap water followed by metal-free 
water. Air dry in a metal free environment. 

If using plastic pipette tips, ascertain from the manufacturer that they do not contain 
cadmium sulfide. Prepare for use by soaking in 2N trace-metal grade hydrochloric or 
nitric acid for 5 days before rinsing with metal-free water. Air-dry as described 
previously. 

Sample Containers 
These should be made of polypropylene or linear polyethylene and should be prepared in 
a manner similar to that described for glassware above. The grab sampling device should 
be an open-top bottle of similar material prepared in the same way and attached to a 
polypropylene rod but with no attached metal parts. The sampling device should be stored 
in a metal-free environment and rinsed well after use with tap and then metal-free water. 
The compositor should be made of the same material but provided with a cap containing 
two holes; one for the sample collection tube and the other to hold a tube open to the 
atmosphere but containing an in-line 0.25 pm metal-free membrane filter to prevent 
pressure build-up. Prior to sample collection but no more than two days ahead of 
sampling, determine the correct amount of acid required to preserve samples at pH<2. 
Normally, 1.5 mL trace-metal grade concentrated nitric acid per liter bottle will suffice. 
Hence, pipette 0.375 mL of this acid into a clean 250-mL container. Fill to the neck with 
effluent from the plant. Cap the bottle and invert to mix three times. Measure the pH. If 
the pH is higher than 2 add more acid in increments of 0.025 mL until the correct pH is 



achieved. Pipette this total amount of concentrated nitric acid into the sample containers 
to be used for collecting samples, and cap the bottles. 

AA instrument preparation 
(1) with direct flame atomic absorption spectrometry (standard Method 31 11 B or 

EPA method 213.1) 
Establish sensitivity of instrument using the cadmium lamp and appropriate background 
correction. With the air-acetylene gases switched on and wavelength selected at 228.8nm, 
tune your instrument as prescribed in your instrument manual. This should involve, at a 
minimum, the following actions: set slit width, optimize wavelength setting for optimum 
energy gain, align lamp, adjust burner head position and aspiration rate of the nebulizer 
for maximum sensitivity. Zero the absorbance read-out and observe that the reading holds 
steady. The air supply should have an in-line filter to remove oil and water. Replace the 
acetylene gas tank when the pressure showing on the regulator approaches 100 psi. 
A stock standard cadmium solution which must fulfill the requirements of the National 
Institute of Standards and Technology (NIST) reference material, may be obtained 
commercially but must be discarded by its expiration date and stored in a refrigerator with 
metal-free interior when not in use. A dilution solution of 1.5 mL concentrated trace- 
metal grade nitric acid in 1 liter of metal-free water should be prepared and stored in a 
polypropylene bottle. Zero the absorbance read-out and over a period of 5 minutes, record 
the range of background variation if any (e.g. if the extremes of this range are -0.001 to 
+0.001, the variation is 0.002). 

Aspirate a sample of this dilution solution into the flame and measure the absorbance. 
Repeat for a total of three consecutive, identical readings and record. If identical readings 
cannot be obtained, retune your instrument. If the absorbance reading is greater than 
0.005, the purity of your acid and/or water is compromised and must be replaced. 

Prepare a calibration curve from the stock standard solution using the dilution solution 
with the following concentrations ( m a ) :  0,0.025,0.05,0.1,0.2,0.5. Aspirate each 
sample at least 3 times to obtain 3 absorbance readings within 0.005 of each other. If zero 
absorbance is obtained with the 0 mg/L sample, ensure that the curve passes through the 
origin. Discard diluted stock standard solutions after use. Prepare calibration solutions 
fresh on each occasion that they are to be analyzed. 

The sensitivity of your instrument can be determined as follows: 
(i) calculate two times the background variation 
(ii) read the concentration corresponding to this calculated absorbance value and this 

will be the instrument sensitivity 

If this calculated value for your instrument sensitivity was not included in your calibration 
curve, make up a dilution of your stock standard solution in the dilution solution at this 
concentration and aspirate into the flame. If no discernible absorbance reading is obtained 
or if this value was included in your original calibration curve but produced no 
discernible absorbance, prepare a standard in increments of two times this value until 



reproducible absorbance readings above background variation are observed. This will be 
your 
instrument detection limit for cadmium. Once established, ensure that no subsequent 
analytical readings for samples are recorded below this value. 

(2) by graphite furnace (electrothermal) atomic absorption spectrometry (Standard 
Method 31 13 or EPA method 21 3.21) 

Consult your instrument's manual to determine the ramp atomization conditions 
preferably with more than three heating steps. At a minimum, they should include: drying 
temperature at 125OC for 30 seconds, ashing temperature at 500°C for 30 seconds, and 
atomizing temperature at 1900°C for 10 seconds. Preset the conditions for temperature 
ramping and atomization. Use furnace purge gas (usually argon) of highest available 
purity and minimize contact of the gas with metal tubing. Maximize sensitivity with the 
use of background correction by making the appropriate adjustments discussed in (1). In 
this case, align the furnace so that the light beam passes through the furnace just above 
the position where the sample droplet is deposited in the graphite tube. 

The procedure for determining instrument sensitivity is as described under (1). However, 
the calibration curve values are as follows (Clgn): 0,0.5, 1, 2, 5, 10. After analyzing the 
10 pg/L sample, re-analyze the 0 pg/L sample. If the absorbance is different from that 
recorded before, there is most likely a memory effect which will require adjustment to the 
ramp atomization conditions. Do not proceed while this problem persists. Replace 
graphite tube after 50 firings or sooner if sample analysis is compromised. 

Sample collection 
The sample compositor lines should be flushed before use. A total of 1.5 L of sample is 
required. The sample should not come in contact with any metal parts and the collection 
bottle should be prepared as described under sample containers. For purposes of method 
assessment, 1.5 liters of grab sample should also be collected at the beginning, middle, 
and end of the 24 hour period during which the compositor is collecting sample. Wearing 
powder-free gloves, transfer the grab sample immediately to clean 250 rnL sample bottles 
containing the predetermined volume of trace-metal grade concentrated nitric acid. 
Choose the cleanest area closest to the point of sample collection for this sample transfer. 
Ensure that it is away from direct sunlight and spray from the treatment plant. Take one 
test sample aside and check that the resultant pH is less than 2. Do not analyze this 
sample for cadmium. In case the pH is not at the required value, add more acid in 
increments of 0.025 rnL until the correct pH is achieved. Adjust acid volume for all 
samples to be collected. Fill sample bottles to the neck only being careful not to spill any 
of the contents. Cap the bottles and invert three times to mix. Ensure that the bottle's 
label correctly identifies the sample identification, date, and location. Digest samples 
within 24 hours of collection. 



Sample digestion 
For the purposes of assessing the method, prepare 100 mL of the following 

samples in duplicate for digestion: 
(a) all calibration samples in dilution solution 
(b) preserved composited effluent sample 
(c) preserved composited effluent sample spiked at each of the levels of the 
calibration curve 
(d) preserved grab effluent sample 
(e) preserved grab effluent sample spiked at each of the levels of the calibration 

curve 

(c) and (e) are prepared by measuring 100 mL well-mixed sample into a 100 mL 
volumetric flask, injecting an appropriate volume of diluted standard stock solution of 
cadmium, capping and inverting. 

Using your existing digestion apparatus, ensure that all glassware has been cleaned in the 
manner previously described and that the acid of choice is trace-metal grade nitric acid. 
For hot-plate digestions, follow the procedure of standard methods 3030D and 3030E. 
Boiling chips should be previously cleaned by placing in a clean distillation vessel, 
covering with concentrated nitric acid, and boiling for 10 to 15 minutes. Remove and 
wash in tap water followed by metal-free water before allowing to air-dry in a clean 
environment. Store in a clean polypropylene bottle. A typical procedure refluxes a well 
mixed 100-mL sample with 2.5-rnL concentrated trace metal grade nitric acid and 
evaporates the sample volume to about 20-mL while preventing precipitation and adding 
more acid if the volume is reduced too much. After cooling, the digested sample is 
filtered through a 0.45pm nylon filter (metal-free) installed in an all glass buchner flask. 
Do not re-use filters. If you have only one filtration system, filter the calibration samples 
(a) first, rinsing the system between samples with the acid dilution solution. Wash the 
system thoroughly after the last calibration sample with 50% nitric acid, tap, and then 
metal-free water. The filter the preserved composited effluent samples (b). Repeat the 
process for all the remaining sample sets (c through e). Metal-free water washings from 
the digestion vessel should also be filtered and the filtrate collected in a 100-rnL 
volumetric flask (unless a concentration factor is required in which case initial sample 
volume and final volume can be adjusted to produce a concentration factor of up to 4). 
Make up the volumetric flask to the mark with metal-free water and analyze when all the 
filtered samples have been collected. If samples are to be held for any length of time, 
transfer to clean polypropylene bottles. 

Microwave assisted digestion should follow Standard Method 3030K but must use 
approved equipment that contains no internal metal parts. 

Analysis 
Before attempting to analyze sample, it is essential to determine if there is interference 
from the matrix. 



Select the digestate of the preserved composited effluent sample. Transfer a 25-mL 
aliquot to a clean 25-mL volumetric flask and spike with a volume of the cadmium 
standard such that the spike concentration in the sample will be between 5 and 10 pg/L. 
Analyze both the spiked and unspiked samples. Take the average absorbance of three 
replicate analyses and subtract the values of the two averages. Determine the 
concentration of cadmium corresponding to this absorbance value from the instrument 
calibration curve. If the concentration is within 10% of the spike concentration, there is 
no matrix interference and the full sample set may be analyzed. If the value is 
significantly outside this range, a chemical matrix modifier will be required. Consult your 
instrument manual to determine if the modifier can be automatically added prior to 
analysis. A typical modifier for cadmium analysis is a solution of 2% phosphate in lppm 
magnesium nitrate. However, ensure the quality of the modifier by analyzing several 
blank samples with modifier before analyzing samples. More discussion on modifiers is 
given in Standard Method 3 1 13. 

Prior to analysis of samples and on the same day, perform the instrument calibration. 
Analyze each complete sample set before moving onto the next (a through e). In between 
sample sets, analyze an instrument calibration blank and every 10 samples, analyze an 
instrument mid-range calibration sample (for flame use 0.1 m a ;  for graphite furnace use 
2 mg/L). If the absorbance readings for these standards drift by more than lo%, 
troubleshoot the source of error and begin the analyses over. Under no circumstances 
should the instrument be zeroed during a set of analyses. 

When evaluating the concentration of samples, remember that a 100-rnL sample was 
digested. This means that concentrations read from the instrument calibration curve need 
to be adjusted upwards by a factor of 10. In the case of using a concentration factor 
during digestion, make the appropriate adjustment to reflect this. 





8.5 Appendix B2 

PROPOSED PROCEDURE FOR THE ANALYSIS OF MERCURY IN 
WASTEWATER 

Notes on sources of error 
Background contamination and false positive analyses of samples will occur if sample 
handling, digestion, reagent and glassware preparation are carried out in a laboratory 
space which is not metal- or dust-free. An additional source of error is the use of 
inappropriate reagents. While general reagent-grade acids can be used for cleaning 
purposes, certified trace-metal grade acid (e.g. Fisher Scientific) should be used for 
preservation and for preparation of solutions and should be stored away from the general 
use acids to prevent incorrect use. Reagents should be 99.9% purity. Use powder-free 
latex gloves, remove wrist watches, and wear tyvex coveralls during all sample handling 
both at the site and in the laboratory. Ascertain that levels of sulfide and copper in the 
wastewater effluent to be analyzed do not exceed 20 mg/L and 10 mg/L respectively and 
that COD is less than 700mglL. 

Glassware preparation 
Soak in a detergent solution which is metal-free and nonionic (preferably liquid alconox) 
for at least 24 hours at 70k5'C. Rinse thoroughly with tap water and then place in a nitric 
acid bath for at least 1 hour. The bath may be made of Nalgene and the acid (reagent 
grade) should be made up at 50% concentration (i.e. 1 volume of concentrated acid to 1 
volume of metal-free water). A1 ways analyze your water for mercury prior to use. After 
removing glassware from the bath, thoroughly rinse with tap water followed by metal-free 
water. Air dry in a metal free environment. 

Prepare plastic pipette tips for use by soaking in 2N trace-metal grade hydrochloric or 
nitric acid for 5 days before rinsing with metal-free water. Air-dry as described 
previously. 

Sample Containers 
These should be made of polypropylene or linear polyethylene and should be prepared in 
a manner similar to that described for glassware above. The grab sampling device should 
be an open-top bottle of similar material prepared in the same way and attached to a 
polypropylene rod but with no attached metal parts. The sampling device should be stored 
in a metal-free environment and rinsed well after use with tap and then metal-free water. 
The compositor should be made of the same material but provided with a cap containing 
two holes; one for the sample collection tube and the other to hold a tube open to the 
atmosphere but containing an in-line 0.25 Fm metal-free membrane filter to prevent 
pressure build-up. Prior to sample collection, but no more than two days ahead of 
sampling, determine the correct amount of acid required to preserve samples at pHc2. 
Normally, 1.5 rnL trace-metal grade concentrated acid per liter bottle will suffice. Hence, 
pipette 0.375 mL of this acid into a clean 250-mL container. Fill to then neck with 
effluent from the plant. Cap the bottle and invert to mix three times. Measure the pH. If 



the pH is higher than 2 add more acid in increments of 0.025 rnL until the correct pH is 
achieved. Pipette this total amount of concentrated nitric acid into the sample containers 
to be used for collecting samples and cap the bottles. 

Preparation of analytical instrumentation for cold vapor atomic absomtion (EPA methods 
245.1 or 245.2 and Standard Method 31 12.B) 

(note: if using atomic fluorescence, refer to EPA method 245.7 for technical 
details but follow the same course of action described in this section) 

Establish sensitivity of instrument by first tuning your instrument as prescribed in your 
instrument manual. This should involve, at a minimum, the following actions: installation 
of absorption cell, alignment of light path for maximum transmission, optimization of 
wavelength setting for optimum energy gain, lamp alignment. Zero the absorbance read- 
out and observe that the reading holds steady. The air supply should have an in-line filter 
to remove oil and water. 

A stock standard inorganic mercury solution, which must fulfill the requirements of the 
National Institute of Standards and Technology (NIST) reference material, may be 
obtained commercially but must be discarded by its expiration date and stored in a 
refrigerator with metal-free interior when not in use. A dilution solution of 10 mL 
concentrated trace-metal grade nitric acid in 1 liter of metal-free water should be prepared 
and stored in a polypropylene bottle. Zero the absorbance read-out and over a period of 5 
minutes, record the range of background variation if any (e.g. if the extremes of this range 
are -0.001 to +0.001, the variation is 0.002). 

Prepare a calibration curve from the stock standard solution using the dilution solution 
with the following concentrations (pg/L): 0,0.2,0.5, 1.0, 2.0, 5.0. 
If preparing reaction manually, treat the samples in duplicate as described under the 
sample treatment section, otherwise use the appropriate instrumentation technique to 
vaporize the mercury. 

The sensitivity of your instrument can be determined as follows: 
(i) calculate two times the background variation 
(ii) read the concentration corresponding to this calculated absorbance value and this 

will be the instrument sensitivity. 

If this calculated value for your instrument sensitivity was not included in your calibration 
curve, make up a dilution of your stock standard solution in the dilution solution at this 
concentration and follow through the sample treatment procedure before analyzing. If no 
discernible absorbance reading is obtained or if this value was included in your original 
calibration curve but produced no discernible absorbance, prepare a standard in 
increments of two times this value until reproducible absorbance readings above 
background variation are observed. This will be your instrument detection limit for 
mercury. Once established, ensure that no subsequent analytical readings for samples are 
recorded below this value. 



Sample collection 
The sample compositor lines should be flushed before use. 1.5-L of sample is required. 
The sample should not come in contact with any metal parts and the collection bottle 
should be prepared as described under sample containers. For purposes of method 
assessment, 1.5 liters of grab sample should also be collected at the beginning, middle, 
and end of the 24 hour period during which the compositor is collecting sample. Wearing 
powder-free gloves, transfer the grab sample immediately to clean 250 mL sample bottles 
containing the predetermined volume of trace-metal grade concentrated nitric acid. 
Choose the cleanest area closest to the point of sample collection for this sample transfer. 
Ensure that it is away from direct sunlight and spray from the treatment plant. Take one 
test sample aside and check that the resultant pH is less than 2. Do not analyze this 
sample for mercury. In case the pH is not at the required value, add more acid in 
increments of 0.025mL until the correct pH is achieved. Adjust acid volume for all 
samples to be collected. Fill sample bottles to the neck only being careful not to spill any 
of the contents. Cap the bottles and invert three times to mix. Add more sample to fill the 
bottle. Cap and mix again. Ensure that the bottle's label correctly identifies the sample 
identification, date, and location. React samples within 24 hours of collection. 

Sample treatment 
For the purposes of assessing the method, prepare 100 mL of the following samples in 
duplicate for treatment: 

all calibration samples in dilution solution - prepare 4 samples of the 0.5 pg/L 
calibration sample but do not add stannous chloride to 3 of these until they are 
used as a calibration check during analysis (see under analysis section) 

preserved composited effluent sample 

preserved composited effluent sample spiked at each of the levels of the 
calibration curve 

preserved grab effluent sample 

preserved grab effluent sample spiked at each of the levels of the calibration 
curve 

(c) and (e) are prepared by measuring 100 mL well mixed sample into a 100 mL 
volumetric flask, injecting an appropriate volume of diluted standard stock solution of 
mercury, capping and inverting. 

Preparing samples in duplicate, measure 100 mL of sample into a clean reaction vessel. 
Add in sequence, 5 rnL of concentrated sulfuric acid, 2.5 mL concentrated nitric acid, and 
15 mL of a 50 g/L solution of potassium permanganate (prepared freshly every 3 weeks). 
Mix and let stand for 15 minutes. If the purple color does not persist throughout this 
period, add more of the permanganate reagent in 1-2 rnL increments until it does. At the 



end of the 15 minute reaction, add 8 rnL of a 50 g/L solution of potassium persulfate 
(prepared fresh every week) and heat the covered vessel at 95OC for two hours. After 
cooling, add 6 mL of a solution of sodium chloride-hydroxylamine sulfate (12 g of each 
in 100 mL metal-free water) to reduce the permanganate. After at least one minute, add 5 
rnL stannous sulfate solution (25 g stannous sulfate in 250 rnL 0.5 N sulfuric acid) by 
continuously stirring the mixture (if using a magnetic stirrer, ensure that teflon coating 
completely covers the stir bar). The reaction vessel is then aerated into the absorption cell 
of the spectrometer and the absorbance of the vaporized mercury is read. 

If a discernible absorbance is obtained with the blank sample (0 CLgn calibration), there 
may be a contamination problem. Identify the source of the contamination by repeating 
the procedure with the blank, first with no reagents added and then, by working 
backwards, adding one reagent at a time and aerating the solution into the spectrometer. 

To ascertain if there are any matrix interferences, submit a sample of effluent with no 
reagents added to the aerator cell. Aerate into the spectrometer and observe the 
absorbance. If the absorbance is discernible establish the amount of aeration required to 
reduce this absorbance to zero. Now it will be necessary to aerate effluent samples before 
addition of reagents. 

Analysis 
Prior to analysis of samples and on the same day, perform the instrument calibration. 
Analyze each complete sample set before moving onto the next (a through e). In between 
sample sets, analyze an instrument calibration blank, and every 10 samples, analyze an 
instrument 0.5 pg/L mid-range calibration sample. If the absorbance readings for these 
standards drift by more than lo%, troubleshoot the source of error and begin the analyses 
over. Under no circumstances should the instrument be zeroed during a set of analyses. 

When evaluating the concentration of samples, remember that a 100-rnL sample was 
reacted. This means that concentrations read from the instrument calibration curve need 
to be adjusted upwards by a factor of 10. 



8.6 Appendix B3 
PROPOSED PROCEDURE FOR THE ANALYSIS OF CYANIDE IN WASTEWATER 

Notes on sources of error 
Background contamination and false positive analyses of samples will occur if sample handling, 
digestion, reagent and glassware preparation are carried out in a laboratory space which is not 
metal- or dust-free. An additional source of error is the use of inappropriate reagents. While 
general reagent-grade acids can be used for cleaning purposes, certified trace-metal grade acid 
(e.g. Fisher Scientific) should be used for preparation of solutions and should be stored away 
from the general use acids to prevent incorrect use. Reagents should be 99.9% purity. Use 
powder-free latex gloves, remove wrist watches, and wear tyvex coveralls during all sample 
handling both at the site and in the laboratory. 

There are various types of interference that can produce both positive and negative bias in 
cyanide analysis. In order to determine if these are present in your samples, it is necessary to 
produce a very detailed analytical procedure that must be adhered to in every detail. Moreover, 
each sample is required to be distilled by two different approaches. 

Confirm that effluent sample alkalinity is below 1500 ppm and that no foam persists. 

Glassware preparation 
Soak in a detergent solution which is metal-free and nonionic (preferably liquid alconox) for at 
least 24 hours at 70S°C. Rinse thoroughly with tap water and then place in a nitric acid bath for 
at least 1 hour. The bath may be made of Nalgene and the acid (reagent grade) should be made up 
at 50% concentration (i.e. 1 volume of concentrated acid to 1 volume of metal-free water). 
Always analyze your water for cyanide prior to use. After removing glassware from the bath, 
thoroughly rinse with tap water followed by metal-free water. Air dry in a metal free 
environment. 

Prepare plastic pipette tips for use by soaking in 2 N trace-metal grade hydrochloric or nitric acid 
for 5 days before rinsing with metal-free water. Air-dry as described previously. 

Sample Containers 
These should be made of polypropylene or linear polyethylene and should be prepared in a 
manner similar to that described for glassware above. The grab sampling device should be an 
open-top bottle of similar material prepared in the same way and attached to a polypropylene rod 
but with no attached metal parts. The sampling device should be stored in a metal-free 
environment and rinsed well after use with tap and then metal-free water. Prior to sample 
collection, but no more than two days ahead of sampling, determine the correct amount of base 
required to preserve samples at pH 12 to 12.5. Normally, 2 rnL analytical grade 10 N sodium 
hydroxide per liter of sample will suffice. Hence, pipette 2 rnL of this basic solution into a clean 
1 L container. Fill to the neck with effluent from the plant. Cap the bottle and invert to mix three 
times. Measure the pH. If the pH is outside the required range, add more base in increments of 
0.1 mL until the correct pH is achieved. Pipette this total amount of 10 N sodium hydroxide into 
the 1 L sample containers to be used for collecting samples and cap the bottles. 



Instrument calibration Standard Method 4500-CN- E, EPA method 335.3 or 335.4 
This section is written on the assumption that colorometric detection of cyanides is being used. If 
a different detection method is employed, refer to the appropriate standard or EPA method for 
technical details but follow the same course of action described in this section. 

Set the wavelength of your spectrophotometer to 578 nm. Allow the instrument to warm up to 
give a stable background. Zero the absorbance read-out with metal-free water in the absorbance 
cell and observe that the reading holds steady. 

A stock standard inorganic cyanide solution (1 g/L) is prepared from 2.51 g potassium cyanide 
and 1.6 g sodium hydroxide (or 2 g potassium hydroxide) in 1-L metal-free water. Store the 
solution at 4OC in a refrigerator with metal-free interior when not in use. Re-make if a standard 
titer indicates loss of strength. A certified 1 g/L cyanide reference standard is available from 
Spex Industries, Inc., Edison, NJ (Cat. # 7-130AS) if this is preferred. 

Standardization of stock cyanide solution 
Prepare a standard silver nitrate solution (0.0192 N) by crushing and drying about 5 g silver 
nitrate at 40°C. Dry to constant weight at this temperature. Dissolve 3.2647 g dried product in 
metal-free water and dilute to 1 L. 

Prepare rhodanin indicator by dissolving 20 mg p-dimethylarninobenzalrhodanine in 100 mL of 
acetone 

Prepare a quantity of 1.25 N sodium hydroxide sufficient for both this standardization and for the 
collection of cyanide from all the distillation samples. 

The standardization of the stock cyanide solution is performed by first adding approximately 200 
rnL metal-free water to a 500-mL Erlenmeyer flask followed by 0.5 mL 1.25 N NaOH. Carefully 
pipette 20 mL of the cyanide stock solution into flask. Titrate contents with the 0.0192 N silver 
nitrate solution using rhodanine indicator. The end-point is sharp and indicated by a color change 
to salmon-pink. Titrate a blank of 250 mL of metal-free water and 0.5 mL 1.25 N NaOH. 

concentration of cyanide solution = net volume of silver nitrate used in titration 
20 

(net volume = volume required to titrate sample - volume required to titrate blank) 

Standardize stock cyanide solution with 0.0192 N AgN03 monthly. 

Calibration standards 
Prepare the following reagents: 

Dilution solution of sodium hydroxide (0.04 N) 



Acetate buffer solution: dissolve 410 g sodium acetate trihydrate in 500 mL metal-free water in a 
1-L beaker. Add glacial acetic acid, while monitoring the solution pH, to pH 4.5. 

Chloramine-T solution (1%): prepare daily a sufficient volume for use e.g. 1 g of the powdered 
reagent in 100 mL metal-free water. Store at 4OC. 

Pyridine-barbituric acid reagent: Weigh 15 g barbituric acid into a 250-mL volumetric flask. 
Wash the sides of the flask down with about 25 mL of metal-free water. Add 75 mL pyridine, 
stopper the flask and swirl the contents to mix. Now add 15 mL concentrated hydrochloric acid 
and after cooling dilute to volume with water and mix well. Store this reagent in an amber bottle 
at 4OC. Discard after 6 months or sooner if a precipitate appears. 

The following primary, secondary, and calibration solutions should be prepared freshly each time 
a calibration is performed. 

Assuming that the stock cyanide solution is 1 g/L, prepare a primary standard solution by adding 
5 mL stock cyanide into a 1-L flask and making up to the mark with the sodium hydroxide 
dilution solution. This makes a solution that is 5 mg/L as cyanide. A secondary standard solution 
is prepared by making a 1:40 dilution of the primary standard solution (e.g. 5 mL of the primary 
standard into 200 mL metal-free water) to produce a solution that is 250 pg/L as cyanide. 

Prepare the solutions for the standard curve from the secondary standard solution by pipetting the 
volumes shown in the left-hand column of the following table into a 50-mL volumetric flask and 
making up to the mark with sodium hydroxide dilution solution: 

Volume of solution to pipette Concentration of cyanide in 
into 50-mL volumetric flask (mL) the final solution (ha)  

If a flow injection analysis is used on the samples, use your standard operating procedure on the 
calibration samples. If your analysis is performed manually, continue with the following 
procedure. 

Perform the rest of the sample preparation on one sample at a time. Do not prepare the next 
sample until after measuring the absorbance of the previous sample. 

Pour about 40 mL of the sample into a clean 50-mL volumetric flask. Add 1 mL acetate buffer 
and 2 mL chloramine-T solution and stopper flask. Mix by inversion twice. After standing two 



minutes, add 5 mL of the pyridine-barbituric acid reagent and then dilute to volume with sample. 
Mix thoroughly and after standing exactly 8 minutes, pour an aliquot into a 100 mrn absorbance 
cell and measure the sample's absorbance in the spectrophotometer being certain that the outside 
of the cell is dry. 

Construct a calibration curve of absorbance against final concentration. 

Instrument detection limit 
Select the lowest concentration among your calibration standards which showed a discernible 
absorbance during your analysis. Now prepare 7 replicates of this standard and analyze each in 
the same manner as the calibration standards. Determine the concentration of each from the 
calibration curve. Evaluate the standard deviation of the concentrations (s) and determine the 
instrument detection limit as 3.14s. 

If this calculated value for your instrument detection limit was not included in your calibration 
curve, make up a calibration standard at this concentration and follow through the sample 
treatment procedure as before analyzing. If no discernible absorbance reading is obtained or if 
this value was included in your original calibration curve but produced no discernible 
absorbance, prepare a standard in increments of two times this value until reproducible 
absorbance readings above background variation are observed. This will be your instrument 
detection limit for cyanide. Once established, ensure that no subsequent analytical readings for 
samples are recorded below this value. 

Sample collection 
The sample volumes to be collected are based on duplicate distillations of 500 rnL sample. If you 
normally handle smaller volumes, scale the collected sample volumes down by the appropriate 
ratio (e.g. if you distill 50 mL, collect one tenth of the total volume stated below). 

The sample should not come in contact with any metal parts and the collection bottle should be 
prepared as described under sample containers. For purposes of method assessment, a total 
volume of 20 liters of grab sample should be collected. Wearing powder-free gloves, transfer the 
grab sample immediately to clean 1-L sample bottles containing the predetermined volume of 10 
N sodium hydroxide. Choose the cleanest area closest to the point of sample collection for this 
sample transfer. Ensure that it is away from direct sunlight and spray from the treatment plant. 
Take one test sample aside and check that the resultant pH is indeed 12. Do not analyze this 
sample for cyanide. In case the pH is not at the required value, add more base in increments of 
0.1 mL until the correct pH is achieved. Adjust base volume for all samples to be collected. 

While collecting all the required sample volume, take the first 1 L sample of effluent and 
immediately screen for all the interferences as described in the next section. After determining 
the required sample treatments, add the appropriate reagents to all the remaining sample bottles 
as soon after collection and equilibration at pH 12 as possible. Discard the sample bottle contents 
that were used for screening. 



Fill all sample bottles to the neck only, being careful not to spill any of the contents. Cap the 
bottles and invert three times to mix. Ensure that the bottle's label correctly identifies the sample 
identification, date, and location. If interferences were detected in the test sample, then add the 
appropriate reagents now before filling the bottle with more sample and mixing contents. 

Sample screening 
In order to remove interferences, select one 1-L sample bottle containing effluent and perform the 
following tests in the order in which they are presented. 

Aldehydes: Prepare the following reagents. 
MBTH indicator solution: Dissolve 0.05 g 3-methyl, 2-benzothiazolone hydrazone 

hydrochloride in 100 mL water. Filter if turbid. 

Ferric chloride solution: Dissolve 1.6 g sulfarnic acid and lg  ferric chloride hexahydrate 
in 100 rnL water. 

3.5% ethylene diamine solution (EDTA): Dilute 3.5 mL anhydrous EDTA to 100 mL 
with water. 

In order to identify the presence of aldehydes in your sample, treat a 10 mL aliquot with 50% 
sulfuric acid until the pH drops to 8. On a thin layer chromatography (TLC) plate, place one drop 
of sample alongside one drop of water. Add one drop of MTBH solution followed by one drop of 
the ferric chloride solution on each spot. If there is a discernible color difference between the two 
samples after 10 minutes, there most likely are aldehydes present in the effluent sample. The 
expected color change indicative of aldehyde presence is from yellowlgreen to dark green or blue 
green. On occasion, the water sample may undergo a similar color change due to the presence of 
aldehydes. In this case your metal-free water producing system may be leaching organic materials 
from the ion exchange resins. In this case, replace the resins and re-test. 

If aldehydes are present in your sample, prepare a more concentrated EDTA solution (35 mL 
EDTA in 100 mL water) and add 2 mL of this solution to each liter of effluent sample. 

Residual chlorine: Prepare a solution containing 1 g sodium thiosulfate in 100 mL metal-free 
water. Have available strips of potassium iodidelstarch paper moistened with acetate buffer. 
Place a drop of sample on the paper strip. If a bluish discoloration occurs, add 2 drops of the 
thiosulfate solution to the sample, mix and retest. Repeat the test on a clean test strip and 
continue adding thiosulfate in this way until no discoloration occurs. Add this total number of 
drops of thiosulfate solution to each of the 1 L samples. 

Sulfide: Prepare strips of lead acetate test paper moistened in acetate buffer and have available 
either cadmium or lead carbonate powder. Place a drop of sample on the paper. If the paper 
darkens, add the powder to the sample a small amount at a time with mixing until a sample re- 
tested does not darken the paper strip. 



You will have collected enough samples for duplicate analysis. One out of every two duplicate 
samples should have this predetermined amount of powder added. After mixing, the sample 
should be vacuum filtered using metal-free filter paper and the filtrate retained for further 
treatment. The second duplicate should not be treated for removal of sulfide and should, 
therefore, bypass this screening technique. 

Sample treatment 
For the purposes of assessing the method, prepare 500 mL of the following samples in duplicate 
for treatment: 
(a) all calibration samples in dilution solution 

(b) preserved grab effluent sample 

(c) preserved grab effluent sample spiked at each of the levels of the calibration curve 

(c) is prepared by measuring 500 mL well mixed sample into a 500-mL volumetric flask, 
injecting an appropriate volume of diluted standard stock solution of cyanide, capping and 
inverting. 

Each pair of duplicate samples will be treated slightly differently. It is imperative to mark them 
sample A and sample B. Sample B should always be that which was pretreated for sulfide 
removal. If no such treatment was performed, it does not matter which of the duplicates you 
designate as A or B. For both samples, measure 500 mL of sample into a clean 1-L boiling flask 
or equivalent. Add the appropriate amount of 1.25 N sodium hydroxide into the absorbing tube 
or gas scrubber. 

Sample A: Prepare a saturated solution of potassium permanganate by adding 10 g to 100 mL of 
metal-free water and attempt to dissolve at room temperature. If no crystal remains after about 30 
minutes of stirring continue to add more permanaganate until the solution is saturated. 

Add 10 mL of 50% sulfuric acid to the contents of the distillation flask. Check the pH after 
mixing and add more acid if necessary to achieve a pH below 4. Now add, dropwise, the 
saturated solution of permanganate until a pink color persists after 30 seconds of swirling the 
flask's contents. Add 2 g of sulfamic acid and mix to dissolve. Slowly add an additional 40 mL 
of 50% sulfuric acid, wash down the side of the flask with water and connect the flask to the 
distillation apparatus ensuring that an air flow rate of 100 cm3/minute is bubbling through the 
solution. Reflux for one hour and then allow contents to cool for about 15 minutes while the air 
is still flowing. Disconnect the absorbing tube after this time, transfer the contents with washings 
into a 250-rnL volumetric flask and make up to the mark with sodium hydroxide dilution 
solution. If using a smaller volume for distillation, scale-down the final volume by the same 
ratio. 

Sample B: Prepare a solution containing 5 10 g of magnesium chloride hexahydrate in 1 L metal- 
free water. 



Connect the distillation flask to the apparatus and immediately begin to bubble air at 1-2 bubbles 
per second through the sample. Add 2 g sulfamic acid to the flask followed by 50 mL 50% 
sulfuric acid. Wash down the sides of the flask with water and allow the air to mix the contents 
for 3 minutes. Add 20 mL magnesium chloride solution and again wash the sides of the flask into 
the sample. Reflux for one hour and continue as for sample A. 
Analysis 
Prior to analysis of samples and on the same day, perform the instrument calibration. Retain the 
prepared calibration standards to perforrn instrument calibration checks. In between sample sets, 
analyze an instrument calibration blank and every 10 samples analyze an instrument mid-range 
calibration sample (15 pg/L). If the absorbance readings for these standards drift by more than 
lo%, troubleshoot the source of error and begin the analyses over. 

When evaluating the concentration of samples, remember that a 500 rnL sample was 
concentrated into 250 mL sodium hydroxide. This means that concentrations read from the 
instrument calibration curve need to be adjusted upwards by a factor of 2. Alternatively, if you 
used different sample volumes, ensure that you use the appropriate calibration factor. 

Pour about 40 mL of the sample into a clean 50-mL volumetric flask. Add 1 mL acetate buffer 
and 2 rnL chloramine-T solution and stopper flask. Mix by inversion twice. After standing two 
minutes, add 5mL of the pyridine-barbituric acid reagent and then dilute to volume with sample. 
Mix thoroughly and after standing exactly 8 minutes, pour an aliquot into a 100 mrn absorbance 
cell and measure the sample's absorbance in the spectrophotometer being certain that the outside 
of the cell is dry. Evaluate the concentration of cyanide in your sample from the instrument 
calibration curve and adjust this value for the calibration factor discussed above. 





8.7 Appendix C1 

QUESTIONNAIRE TO ACCOMPANY COLLECTION OF SAMPLES FOR CADMIUM 
METHOD ASSESSMENT 

Name of person completing this form 

Name of treatment plant 

Sample collection 

Date of sample collection Time 

Time composite sample collected from to 
Time grab samples collected 

Any unusual events during sample collection 

Weather conditions at time of sample collection (include outside temperature): 

Source of trace-metal grade nitric acid 
Fresh bottle used YesINo (delete as appropriate) 

Type of detergent used for washing glass 

Supplier and type of sample bottles 

Volume and concentration of acid used as preservative 

Type of membrane filter used in compositor 

Effluent sample pH: before acid preservation after addition of acid 

AA Instrumentation 

Model and make of instrument 
Furnace or flame (circle as appropriate) 

If flame, what is head pressure of acetylene? 
What is the source of air? 
If furnace, what is the source and grade of argon? 

Wavelength used nm 
Lamp emission current mA 



Type of background correction 

Source of cadmium standard Lot # 
Range of background absorbance variation: from 

Date opened 
t 0 

List instrument calibration concentrations 

Please attach calibration curve and list all calibration absorbance values against their 
concentrations. 

Type of modifier (if used) and how applied 

If graphite furnace, graphite tube replaced after how many firings? 
List temperature ramp program 

Digestion 

Date and time digestion commenced 
Type of digestor 

Volume of sample digested rnL 
Reduced to mL 
Time for each digestion 
Made up to mL with 

Type of filtration device 
Type of filter 

How many uses per filter? 

Which digested sample was spiked? 
At which concentration? 
Recovered concentration 

Analysis 

Date and time analysis commenced 
Calibration blank analyzed every samples 
Mid-range calibration check analyzed every samples 



Please attach a table showing all the absorbance readings and corresponding concentrations for 
all samples analyzed 
General 

List here all deviations from the prescribed instructions 





8.8 Appendix C2 

QUESTIONNAIRE TO ACCOMPANY COLLECTION OF SAMPLES FOR MERCURY 
METHOD ASSESSMENT 

Name of person completing 

Name of treatment plant 

Sample collection 

Date of sample collection 

this form 

Time 

Time composite sample collected from to 
Time grab samples collected 

Any unusual events during sample collection 

Weather conditions at time of sample collection (include outside temperature): 

Source of trace-metal grade nitric acid 
Fresh bottle used YesINo (delete as appropriate) 

Type of detergent used for washing glass 

Supplier and type of sample bottles 

Volume and concentration of acid used as preservative 

Type of membrane filter used in compositor 

Effluent sample pH: before acid preservation after addition of acid 

Analytical Instrumentation 

Model and make of instrument 

Wavelength used nm 
Lamp emission current mA 
Type of background correction 

Source of mercury standard Lot # Date opened 



Range of background absorbance variation: from to 
Calculated instrument sensitivity P& 
Absorbance readings of prepared standard at concentration of instrument sensitivity 

List instrument calibration concentrations 

Please attach calibration curve and list all calibration absorbance values against their 
concentrations. 

Sample treatment 

Date and time addition of reagents commenced 

Type of reaction vessel 
Volume of sample reacted rnL 
Source and concentration of reagents: 
Reagent Source Concentration Date prepared 
Trace metal-grade HN03 
Potassium permanganate 
Potassium persulfate 

NaCVhydroxylamine sulfate 

Stannous sulfate 

Analysis 

Date and time instrument calibrated 
Date and time sample analysis commenced 
Calibration blank analyzed every samples 
Mid-range calibration check analyzed every samples 

Please attach a table showing all the absorbance readings and corresponding concentrations for 
all samples analyzed 

Did you identify interferences in your blank (Opg/L calibration) sample Yes/No* 
If yes, what corrective action did you take? 

What was the absorbance of an aerated wastewater effluent sample with no reagents added 

Did you identify any matrix interferences? Yes/No* 
If yes, what corrective action did you take? 
- - 

* circle as applicable 



General 

List here all deviations from the prescribed instructions 




