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l. The Need for On-line Monitoring of Heavy Metals

Heavy metals are common by-products in industrial operations. It is possible for these substances
to enter the environment as a result of wastewater discharges from cleaning, plating or other
industrial operations or after being leached from Iindustrial waste piles or pits.[1] Several heavy
metals such as chromium, copper, lead, mercury and zinc are listed as priority pollutants by EPA
and require monitoring for NPDES permit compliance or for compliance with point source
discharge pretreatment requirements. [2] Leachate from solid waste landfills often contain high
concentrations of metals such as iron and manganese, as well as trace concentrations of other
maetals such as copper, nickel, and lead.[3] Measurement of metals such as chromium, lead,
mercury, and iron are typically performed to characterize the quality of drinking water and ground
water.[4]

Although Atomic Absorption Spectrometry is the typical method of metals analysis required for
compliance reporting and other official purposes [5], this method is not practical for continuous
on-line monitoring in multi-constituent media due to sample preparation requirements and
apparatus that can handie only a limited number of samples. Anocther limitation is the need to
change lamps if more than one metal is to be monitored. Muitiple units would be requlired for on
line analysis of more than one metal. This method is also impractical for field use due to the
controlled environment, peripheral equipment, power, gas supply and operator skill levels
required.[6]

Nevertheless, some Industrial firms want an inexpensive but reliable way to monitor discharges
for the presence of specific heavy metals for internal record or control purposes where immediate
results can be made available without the need for sample extraction and processing prior to
analysis. Such techniques may also be of interest for field testing to scresn for discharge
compliance or groundwater quallty, especially if the apparatus required is transportable and
capable of providing results that can approximate those obtained in the laboratory.

Electronegative metals with a density greater than 5 gm/cm® are termed the heavy metals. These
elements are found at the center of the periodic table, with the degree of electronegativity
increasing from left to right.[7] Most of the heavy metals are also classified as one of the
“transition” elements. Although the electronegative elements lose electrons with great reluctance,
they do tend to form ions when dissolved in water. These lons atiract electrons strongly, and have
the tendency to form ligands, as portrayed In Figure 1, In which several water molecules are
wrapped around a central catlon and held together with unique coordinate covalent bonds.[8]

Figure 1. Ligands are central cations, surrounded by water molecules.
Several possible geometric arrangements are shown.



Il. Detection of Absorption Spectra

Absorption in the ultraviolet and visible region of the spectrum is a result of the changes in energy
levels that occur in the bond structures and valence electrons of atoms when in contact with a
source of ultraviolet-visible light. The energy changes occur in the outermost orbital, which
consists of two high energy levels and three lower energy levels. Electrons will normally be found
in the lowest energy level, but can become. "excited" from absorption of a photon of
electromagnetic energy from light in the proper frequency, causing the electron to temporarily
occupy one of the higher energy levels.[9,10,11] Many heavy metals have strong absorption
spectra in the ultraviolet-visible region due to the formation of ion complexes and ligands in water.
it is well known that many of the heavy metals classified as transition elements possess the
characteristic of forming complexes that are highly colored, that s, they absorb light in the visible
wavelength range which is one reason why they are often used in pigments and dyes.[12]

The term “absorption” refers to the characteristic of allowing only some fraction of light at certain
wavelengths to pass through an otherwise transparent substance (or be reflected off of a solid),
the balance being "absorbed" by the substance. Thus, absorption Is the inverse of transmittance,
and solutions that are fully transmissive within a certain wavelength range will not absorb any light
within that range. Converssly, solutions that fully absorb within a certain wavelength range will not
permit any light within that range to be transmitted through the solution.[13] An elementary
example can be seen in Figure 2, which compares the percent of visible light transmitted by a
blue color chip compared to the light absorbed by that same chip. if we were unable to actually
see the chip, we could still draw a conclusion concerning the color simply by observlng the
pattern of transmittance or the inverse pattern of absorption.

Chemical analysis using ultraviolet-visible absorption spectra relies upon the same basic principais
used for color analysis, but with far more attention to relative absorption characteristics at many
specific wavelengths over the entire ultraviolet and visible range (Figure 3). It is possible to
analyze solutions qualitatively and quantitatively based on the pattern of absorption observed for
the solution across this wide range of wavelengths, but special apparatus is required to detect the
spectra and interpret the information. The absorption observed will be a function of all of the
absorbing components within the solution, which complicates the problem of analysis. [Note 1]
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lil. Apparatus Required for Detection of Heavy Metal Spectra

The pattern of absorption (or transmittance) across a range of wavelengths defines an absorption
spectrum for the substance being analyzed. If the substance is an element dissolved in a
transparent solvent, such as pure water, the absorption spectrum that can be observed using the
appropriate equipment defines the absorption spectra for that element (in that solvent). Figures
4 through 8 show the absorption spectra of chromium, copper, iron, mercury and zinc in purs
water,

Flgure 6 shows several spectra for iron, each for a different concentration ranging from .1 ppm
to 2 ppm. Two observations can be made. First, no matter what the concentration Is, the
absorption spectra for iron has features that form a dlistinct pattern. {The graphics and scale used
result In some loss in visual feature detail which can only hint at the extensive feature detall that
is available for analysis in the form of numerical values for each spectra.) it is possible to define
the common aspects of the spectral patterns in mathematical terms, so that any spectra that
conforms to the resulting mathematical model will be recognized as “iron". if an analyzer can
detect the spectra of an unknown substance (in the same solvent), the pattern can be evaluated
in terms of iron by observing significant features of the absorption pattern for the unknown
substance, then comparing these features to the model that was developed to describe iron.

Furthermorae, it is possible to approximate the concentration of the unknown substance if it has
been recognized as iron. If information is available that defines the relative position {intensity) that
has been previously observed for the iron patterns at known levels of concentration, an
interpolation can be made for a similar pattern falling between two known patterns in order to
accurately calculate an estimated concentration value for the newly recognized substance. In this
manner, recognition and measurement of a substance requires prior qualitative {pattern) and
quantitative (intensity) calibratlon using known concentrations of the substance to be recognized.

The apparatus required to accomplish analytical tasks in absorption spectroscopy is well known
to analytical chemists [13], but may not be evident to others who do not regularly work in the
analytical or research sciences. Basic elements of any system are described in the Figure 9 and
Include a source of light in the wavelength range of interast, a transparent cell to hoid the sample
and permit the light to be transmitted through the sample for a specific distance, a detector to
measure the amount of light that has been transmitted through the sample and convert this
information Into numbers, and finally a means to process and Interpret the information detected
from the sample. The instruments currently in use range from the simple to the sublime.

Simple absorption spectroscopy systems, such as the colorimeter described In Figure 10, have
a limited (or single) wavelength range, and very simple fixed computational capabilities built into
the instrument. These systems recognize only one substance {or famlly of substances) and usually
require that the sampies be processed or chemically altered to yield an indicator color prior to
analysis. Systems with a broader range of capablilities, such as the spectrophotometer shown in
Figure 11, are designed to permit analysis of a greater amount of informatlon by detecting
absorption at several (or many) wavelengths. This is accomplished by elther aitering the
wavelength at the light source and using a fixed detector, or using a broad band light source and
‘then selecting wavelengths for detection after tranamission through the sample. in sither case, the
instrument must mechanlicaliy step through a sequence of wavelengths in order to collect
information from the entire range of interest. This makes the Instrument slow, fragile, and
mechanically complicated, none of which are qualities that are suitable for use In fleld or factory
environments for real time/on-iine analysis of unaitered flowing samples.
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IV. Technology Advances for On-line Absorption Spectroscopy

Several recent developments have made ultraviolet-visible absorption spectroscopy a feasible
technology for use in the field and on the factory fioor:

* FIBER OPTICS permit substantial distance between the analyzer and the
substance to be analyzed. The remote analyzer can house a light source, detector,
and electronic components. Fiber optic cables convey the source light to an
OPTRODE, where the light is transmitted through the sampie, then colliected and
returned to the detector through a companion cable. Optrodes may be immersed
in a process tank or flow stream, then removed after the analysis has been
performed {Figure 12), or may be permanently located at the sample point for
continuous monitoring. These are two types of IN-SITU analysis. Alternatively, a
sample line may be connected to a flow through cell containing the optrode (Figure
13). This is ON-LINE analysis.

* ARRAY DETECTORS permit a broad wavelength range to be simultaneously
detected at discrete intervals. This seliminates the need to create intervais by
altering wavelengths at the source or prior to detection. Instead, a broad source
can be used and fully detected. An evaluation can be made of wavelengths which
contain absorption features relevant for the analysis. Wavelengths and ranges
which do not contain information that contribute to the analysis can be Ignored,
aven though the detection will inciude information from the entire range. A state
of the art ultraviolet-visible absorption spectroscopy system such as the BI-800
uses a xenon lamp with an output from 200 nm to 800 nm, and an array detector
that segments the detection range Into 1024 equal Intervais and scans across this
entire range. See Figure 14.

* CHEMOMETRICS may be the most meaningful advance in technology that makes
on-line analysis possible. The relationship between the capability of chemical
sensors and the analytical models used to interpret information detected with these
sensors is shown in Figure 15. The more specific the sensor Is to a particular
chemical, the iess sophisticated the model required to extract meaningful
information. Sensors that detect information for muitiple constituents in a complex
chemical matrix must rely upon very capable analysis algorithms in order to extract
information for a specific chemical constituent. Although one trend in analytical
chemistry is toward sensors that are ion or chemical specific, a less publiclzed
trend s toward general purpose analyzers that have very sophisticated data
analysis capabilities available within the instrument. These chemometric techniques
are used to compare unknowns with calibrated standards and data bases, to
perform advanced forms of cluster analysis, and to extract features from unknowns
that are used as information in statistical and mathematical models.
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V. Chemometric Analysis of Absorption Spectra

Chemometric techniques are particularly useful for on-line analysis of metals in aqueous media
such as wastewater or contaminated groundwater where many different metals can be present
together with other chemical constituents, all of which may independently vary in concentration.
Overlapping and closely grouped spectra from individual constituents result In a spectral
signature for the solution that is a combination of individual elements, as shown in Figure 16. An
on-line analysis system must be capable not only of automatically detecting certain significant
features for identification of the analytes of interest, it must also be capable of rapidly analyzing
these features to arrive at qualitative identification of the analytes and quantitative measurements
of their concentrations, and must do so in a chemical matrix that may contain many possible
interferants in a variable background.

It is possible to detect the absorption spectra for a water matrix using a specially designed
ultraviolet-visibie spectrometer squipped with a fiber optic probe and array detector. Chemometric
techniques are then used to extract and analyze features In the overall absorption spectra that are
specific to the qualitative and quantitative contributions from specific metal analytes. Figure 17
shows three basic steps are involved in the process of using spectra for chemical analysis:

A. QUANTIFICATION of absorption spectra for analytes, callbration (learning) sets,
and unknowns. This is the process of converting detected spectral information into
numerical values that describe the spectra and can be acted on by mathematical
and statistical procedures.

B. PREPROCESSING of raw data to reduce noise and to optimize the abllity of the
analysis models to compare known spectra with unknown spectra or to act on
specific features for the spectra of a muiticomponent solution to permit analysis
of individual components.

C. ANALYSIS of absorption data to identify individual components and caiculate an
estimate of their concentration in the solution.

In order for the analyzer to monitor heavy metals with the maximum possible precision, an
optimization process as described In Figure 18 Is emplioyed, where spectra from several "learning
sets’ containing known concentrations of the analytes of interest are recorded in the system.
Mathematical observations are made of the comblination of wavelengths that are likely to provide
the best information for analysis of an individual analyte. Spectra from several “test sets" with
known analyte values are then detected. The information from the learning and test sets are
experimentally processed using different combinations of the available preprocessing and analysis
routines In ordiar to arrive at the combination of data points, preprocessing routines and analysis
procedures ¥t yleld predicted results for the test set samples that are as close as possibie to
the known values (that is, has the lowest possible average error of estimate for the test set).

This optimization process Is sometimes referred to as "calibration”, but it is obviously more than
just a calibration procedure if the preprocessing and analysis techniques to be used must be
chosen. Fortunately, this extensive procedure must only be performed at the start of a monitoring
project. Thereafter, only routine calibration using a known standard need be performed.

Some discussion of the most Important techniques used In each stage of chemometric analysis
may further enlighten the reader.
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A. Quantification of Absorption Spectra

The important features of absorption spectra are its position and intensity, which yield a signature
that can be used to define qualitative and quantitative characteristics. These data are a function
of the absorption intensities detected at many equally spaced wavelength intervals across a range
of wavelengths. Absorption of light is governed by the Beer-Lambert Law that define the
relationship between incident light absorbed by a solution and the molecuiar concentration of the
solution. In simplified form, the Beer-Lambert law may be stated as:

A = abe
where,
A = The total amount of light absorbed.
a = absorption coefficient defining absorptivity of the media
b = length of the absorption light path
¢ = concentration of the solution

. Absorption may also be described in terms of a comparison
between the Intensity of light tranamitted through an
absorbing substance compared to the light intensity when
no absorbing substance Is in the light beam:

T=(,/;) and,
A= log (1/T) or,
A=-log(l, /l) = abe

where,

T = transmittance

A = absorbance

I, = intensity of absorbed light
I = Intensity of incident light

The usual case is not one of a single analyte in a perfectly transparent solvent, but one of muitiple
variable components in a complex chemicai matrix. Not only is it possibie for each of the
components to vary In concentration, but the possibliity exists for Interactions of components with
each other and with the media in which they are contalned. Furthermore, there may be a need to
Identify and measure only one of the components or several of the components. Clearly, this task
requires a much more sophisticated form of analysis.

One form of this problem Is a mixture in which ail of the absorbing components are known. A
series of simullaneous equations known as a K-Matrix can be constructed in the form:

A=KC
where,

A = Absorbance of light = -log (i, /l,)
K=ab

a = absorption coefficient

b = path length

C = concentration

Since there are several analytes Involved, total absorption will be a function of the sums of all of



the absorbing components based upon the concentrations of the individual componants.
Equatlons can be defined for each of m wavelengths, as foliows [14]:

A, =Ky €+ Ky G+ .kyy €,
A; =Ky ©y + Ky €3+ kyy C,

Arn = km1 c, + km2 C; + '"kmn Cn

Such an analysis requires knowledgs of all of the absorbing components in a solution in order to
provide a basis for calibration, which is frequently an unrealistic condition to achieve. Therefore,
an inverse technique that defines concentration as a function of absorbance has been developed.
This P-Matrix approach does not require a knowledge of all of the absorbing components in the
solution, but does use a serles of simultaneous equations In the form:

C=PA
where,

P=K'

Equations can be defined for each of n analytes, as foliows:
Ci=P A +P A+ .. P Ay

C.=P, A +P, A, +.. P, A,

B. Preprocessing of Absorption Spectra

in many applications, multiple components are present. Although spactra for multipie components
may overlap at one or more points In the absorption band and may be affected by noise or drift,
there are several techniques for preprocessing of the spectra to provide mathematical
transformation of closely grouped spectra, elimination of nolse and adjustment for baseline drift.
In addition if festures from different spectra are to be compared, it may be heipful to amplify any
differences that may exist in order to make meaningful comparison easler. These tasks are
commonly sccemplished using first or second derivatives, Fourier or Walsh (Hadamard)
transformations, or Princlpal Components analysis. Figure 19 is a graphic example of how the
original absorption spectra for molybdate in cooling water was transformed using some of these
gstandard transformation techniques. If two original spectra were very simllar, but not identlical,
examination of the transformed spectra might better reveal their differences. Alternatively, if
differences in spectra were the result of noise or drift, comparison of the transformed spectra may
reveal similarities not evident in the original spectra.

The technique that appears to be most promising for analysis of individual components in muiti-
variate media is Principal Components Analysis (also known in some applications as Eigenvectors,
Hotelling tranaformations, or Karhunen-Loeve transformations). Principal Components is a



transformation of the coordinate system for a data set based on statistically determined quantities.
A simplifled example is shown in Figure 20. The purpose of this transformation is to rotate the
coordinate system in a way that results in the alignment of information on a fewer number of axes
than in the original arrangement. This resuits In a compression of the variables by allowing those
variables that are highly correlated with one another to be treated as a single entity. After Principai
Components Analysis, a small set of uncorrelated variables wlll represent most of information that
was in the original set of variables, but will be far easier to use in subsequent analytical models.
[15, 16, 17] Typically, 2 to 4 Principal Components account for 85-98% of the variance in the
original data. Speciai techniques are available to assure that the variables that help explain the
target analyte are not eliminated if they do not appear among the few variables that explain most
of the variation in the original data set.

C. Existing Techniques for Analysis of Absorption Spectra

If calibration information were available for a number of samples of an analyte in a solvent at
different concentration levels, parametric techniques can be used to perform an analysis of
information for an unknown solution. There are two techniques in particular that are most often
used:

1. REGRESSION ANALYSIS [18], typically a multiple linear regression since
multiple wavelengths are used to characterize each analyte and since multiple
analytes are usually being monitored. The regression defines the values of known
concentrations of the analyte In terms of the significant varlables in the signatures
for the anaiyte, then uses this information to define the best fitting plane for the
information using least squares techniques to define each boundary of the plane.
The measurements of the variabies for the unknown is fit to the plane in order to
recognlize and assign a predicted value to an unknown concentration of the analyte.
Figure 21 is a graphic representation of a three dimensional regression plane.

2. DISCRIMINANT ANALYSIS [19, 20], where absorption varibles at significant
wavelengths from the callbration set are used to organize the information for
known concentrations of the analyte Into clustered groups, so that linear decision
boundaries can be defined to separate the clusters, as shown In Figure 22. An
analyte of unknown concentration can be matched with the closest group based
on detection of the significant variables. Typlcally, the unknown Is assigned a
characteristlc or average value of the group to which it has been matched. This is
a very useful technlque for quality screening, where the sampie Is to be sorted Into
defined categories {(acceptable / suspect / unacceptable) based on measured
comparisons between the samples and the clusters.

D. Emerging Techniques for Analysis of Absorption Spectra

An emerging technique for analysis of multicomponent solutions that does not rely upon functional
relationships Is the Lattice K-Nearest Neighbor approach. [21] This technlque does not require any
site specific samples for callbration of the analyzer, but reiles upon the analyzer possessing
information for a substantial multiple site data base, where many analyte sample values have been
organized Into the nodes of a lattice network based upon their principal component coordinates.
Predicted values for analytes In unknown sampiles are based upon the relative distances between
varlable values for the unknown and the nearest neighbors in the lattice. This Ils graphlcally
represented in Figure 23. A sampling interval is used to establish a window that limits the
comparisons to a finite region of the lattice network.

in an advanced version of this technique, processing can be made more efficlent by partitioning
the lattice Into zones based on a sample characteristic that is unrelated to the analyte value, then



testing the sampile for this characteristic as a classifier prior to analysis for analyte values. in
addition, inductive learning and neural network analysls, while still very experimental, show great
promise for more complex applications, especially those that do not lend themseives to
simptification through the use of principali components analysis techniques.
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Vi. Application of Chemometrics for Analysis of Heavy Metals

The apparatus and chemometric techniques discussed above have been used in several recent
demonstrations for the analysis of heavy metals in multi-component solutions.

A. Iron and Copper in boiler feed water

A demonstration ofthe ablllty to identify and measure individual components In a muliti-component
matrix using chemometric analysis of absorption spectra was performed recently for an electric
power utility. The objective was to identify and measure Iron and copper in boiler feedwater to
measure the efficiency of treatment processes. Spectra for several concentrations of lron were
characterized as shown on Figure 24 and for several levels of copper as shown on Figure 25. After
spectra had been characterized, a learning set of 15 boller feedwater samples with concentrations
of iron ranging from 0.5 ppm to 10.0 ppm and concentrations of copper ranging from 1.0 ppm to
5.0 ppm were analyzed. Figure 26 shows a plot of the spectra for these 15 learning set samples.
A test set was processed using linear regression and discriminant analysis, each with
untransformed absorbance values and three transformation techniques (first derivative, Fourier,
and Walsh). Results are summarized in Figure 27. in the learning set, discriminant analysis
produced consistently superior results for iron and for copper, regardiess of the type of
preprocessing used. The use of Walsh transformations with discriminant analysis produced the
lowest error for either analyte. This same analysis was performed for a test set, where discriminant
analysis using Walsh transformatlons recognized 0.5 ppm Iron with an error of 0.13 ppm, and
recognized 5.0 ppm copper with an error of 0.007 ppm.

B. Iron in a nutrlent solution

Under a recent NASA contract [22], iron was analyzed using absorption spectroscopy In a complex
nutrient solution consisting of copper, nitrates, phosphates, calcium, magnesium, sodium, and
chlorides. ron was measured over a range of 0 to 10.0 ppm in a set consisting of 20 samples with
randomized backgrounds of the other nutrients. Figure 28 shows the spectra for several of these
solutions. An analysis using linear regression without transformations was performed for this set
and produced an error from predicted values of less than 0.03 ppm as detailed on Figure 29.
Nitrates in nutrient solutions were also successfully analyzed under this contract using absorption
spectroscopy, with average errors of under 1.0 ppm over a range of 10.0 to 500.0 ppm.

C. Molybdate in cooling water
Linear regression of untransformed absorbance values were used to measure sodium molybdate
concentrations of 1.0 ppm to 2.2 ppm In cooling water that also contalns random concentrations
of iron, calclum, nitrates, and proprietary treatment formulation chemicals that include azole and
polymer complexes. Average errors of less than .126 ppm were obtained.

D. Mercury in industrlal wastewater

A recent study for an Alr Force base concluded that it was possible to detect the ultraviolet
absorption spectra of mercury over a range of 0.0001 ppm to 0.01 ppm in an industrial effluent.
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1
E. Zinc and Chromium in industrial wastewater
Zinc and chromlum ware anaiyzed in an industrial wastewater that also contained various levels
of arsenic, cadmium, copper, iron, lead, mercury, nickel, silver, cyanide, phenols, chiorides,
trichlorethylene, oil, grease, and suspended solids. Despite the fact that the matrix was highly
turbid and contained many components, zinc in the range of 0.85 ppm to 3.65 ppm was measured
with an error of less than 0.04 ppm while chromium over a range of 0.85 to 4.45 ppm was
measured with an error of under 0.03 ppm. These results were achieved with linear regression
of untransformed absorbance values.
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Figure 28. Iron in nutrient solutions
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Vil. Conclusion

Ultraviolet-visible absorption spectroscopy (UVAS) Is an emerging technology that is currently
being demonstrated for on-line analysis of heavy metals and other chemical substances to monitor
water quality In complex multi-component solutions without the need to chemilcally alter samples
prior to analysis.

[NOTE 1]: Ultraviolet-visible absorption spectroscopy (UVAS) for cherical analysis in liquids is a distinct technique that should not
be confused with forms of spectroscopy which are performed by observing the presence and intensity of a wavelength peak ina
vapor state, or by measuring the intensity of a specific visible wavelength after addition of a reagent. The absorption spectroscopy
techniques described in this paper are performed in liquids without any sample processing by recognizing the patterns of absorption
atincrements over an interval of wavelengths and mathematically determining the contribution from a specific absorbing component

to the overall absorption spectra of the liquid.
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