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1 Purpose

In this lab, we used Atomic Absorption Spectroscopy (AAS) to analyze a specific brass

alloy, after performing calculations to determine the optimal values of several parame-

ters (including fuel/oxidant ratio, burner height, ionization interference, and phosphate

interference). The ratio of metals in an alloy can greatly influence its performance and

can help to fine-tune its properties; in brass, a difference in copper composition of 15%

can make the difference between an alloy that is soft enough to be worked at room tem-

perature and an alloy that is too brittle to see regular use. As such, calculating the

percent composition of an alloy can go a long way in determining its properties (includ-

ing ductility and malleability) in a manner that does not require a heavy equipment or a

large sample size. While AAS works well for this sort of analysis, optimization of several

parameters can serve to improve the sensitivity of the analysis even further. In this lab,

we calculated the copper concentration of a brass sample (identified as brass #30)

2 Theory

Atomic Absorption Spectroscopy is a form of spectrophotometry that is used to determine

the concentration of a specific element in a sample, using a combination of a known

absorption spectra and measured absorbance to determine analyte concentration, using

the Beer-Lambert Law to correlate absorption and concentration. This works because

each element has a characteristic absorption spectra, relating to the specific, quantized

transitions of electrons to excited states. The locations of the absorption peaks are unique

to each element, and their intensity is directly proportional to the concentration of the

sample, according to the Beer-Lambert Law (Equation 1)[1].

To begin with, the sample to be analyzed must be atomized so that its electronic

transitions can be measured. This is commonly accomplished through the use of a flame

atomizer, often employing an air-acetylene flame that can reach temperatures of 2300℃[1].

By aspirating aerosols of analytes in solution through the flame, the aerosols first evap-

orate, leaving behind pure particles of the analyte. These particles are heated into the
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gaseous phase, and dissociated into free ions from the heat. At this point, additional

energy excites the gaseous metal atoms, and the specific wavelengths absorbed leave char-

acteristic intensities from which concentration can be calculated using the Beer-Lambert

Law (Equation 1). The flame temperature is critical to the overall sensitivity of the pro-

cess through this step; if the temperature is too high, the metal atoms will be ionized,

decreasing sensitivity; however, if the temperature is too low, less of the metal atoms will

be excited, also decreasing sensitivity[3]. This can be ameliorated through the presence

of a small quantity of an easily ionizable adulterating element, which will preferentially

ionize and reduce the creation rate of analyte ions. Additionally, impurities in the sam-

ple can lead to the creation of compounds or complexes that are less volatile than the

original sample. By using a solvent that will tend to form smaller aerosols (which will

more easily vaporize), or by using a hotter flame (which will more readily vaporize stabler

compounds), the sensitivity loss from this chemical interference can be mitigated.

A = ε`c (1)

The Beer-Lambert law relates the absorption of light (A) by a solution to the path

length of travel through that solution (`), the concentration of the solution (c), and the

extinction coefficient (ε), which is a measure of the molar absorptivity of the substance

in solution. These values are generally calculated in terms of transmittance (T ), a value

that can be calculated in terms of light intensity (which can be measured) and can be

related to absorbance by the following equation:

T =
I

I0
= 10−ε`c = 10−A, (2)

where I0 is the intensity of the incident light and I is the intensity of the transmitted

light. Since intensity can be measured easily using a photometer, Equations 1 and 2 can

be easily used to determine the concentration of an unknown sample given the scaling

factor ε (the path length ` is generally kept constant and falls out of the equation). To

obtain this constant, standard solutions of the analyte in question must be prepared, and
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the extinction coefficient ε can be found as the slope of the line relating concentration

and absorption between these samples. It is worth noting that the linear trend between

concentration and absorption only holds for a specific concentration range, and the ex-

tinction coefficient (as well as unknown concentration) can only be found by interpolation

within this area[3].

The incident radiation in AAS is generally produced by a highly monochromatic

hollow-cathode lamp, specifically chosen to (mostly) only produce wavelengths of light

corresponding to the analyte being looked for. By varying several parameters, mostly re-

lating to the characteristic of the flame (temperature, fuel-to-oxidant ratio, and the flame

height of measurement) and the chemical characteristics of the sample (most notably the

degree of ionization, mentioned above), the sensitivity of the process can be maximized

and it can be used to measure concentration to extremely high precision.

3 Experimental

In this lab, we created several different sets of solutions to analyze using AAS. We created

7 different copper solutions with concentrations of 0.01, 0.1, 0.2, 0.5, 1.0, 2.0, and 5.0 µg
mL

,

for use in creating a calibration curve with which to derive extinction coefficients and

correlation values for our unknown. We created two subsets of calcium solutions, with

two different calcium concentrations (2.7 µg
mL

and 0.68 µg
mL

, instead of the 10 µg
mL

and 2.5

µg
mL

they were supposed to be), with each set consisting of four different concentrations

of adulterating potassium (0, 10, 100, and 1000 µg
mL

), with the purpose of determining

the influence of potassium on the calcium absorption signal. We also created two sets

of 10 µg
mL

calcium solution, one in 47.5% ethanol and the other in water, each with six

different concentrations of phosphoric acid (0, 0.1, 0.3, 1.0, 3.0, and 10.0% by volume) to

perturb the sensitivity of the sample (through creation of calcium phosphate), in order to

determine if the smaller aerosol size of ethanol would decrease the sensitivity of AAS to

unbalancing salt formation (and thus increase the net sensitivity of the process). Finally,

we created a 1 ppm solution of a brass unknown (specifically, #30) in order to determine
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the percentage composition of copper in the sample through use of the copper calibration

curve created earlier.

4 Results and Discussion

This section contains only tabulated results from the Appendix. Derivations can be found

in Appendix A on page 10. Raw data can be found in Appendix B on page 13.

4.1 Copper Calibration Curve

4.1.1 Results

RMS Baseline Noise 1.477×10−3

Detection Limit 0.0012

Sensitivity 0.120 ppm

R2 0.9998

(See Figure 1 on page 11.)

4.1.2 Discussion

Our calibration curve is a supremely good fit to the data points we plotted. Based on

our calculations of the baseline noise and detection limit (Section B.1), we were forced

to discard one of our data points (0.10 ppm) because it was lower than our calculated

detection limit; however, we were able to generate a regression of almost ludicrously

good fit (R2 = 0.9998) that means that any linear interpolation we perform on our data

set (most notably the analysis of our brass unknown; see Section A.3 on page 11) is

guaranteed to be of good quality. It is worth noting that the y-intercept of our trendline

is near-zero; this is good, because it follows trivially from the Beer-Lambert Law that

if A = ε`c, then for c = 0, A must obviously also equal 0. The fact that our trendline

produces almost a direct correlation between concentration and absorption means that

our linear fit most likely adheres very well to Beer-Lambert. The fact that the value is

not zero can be explained away due to simple noise causing imperfections in the analysis;
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the data would have to be literally perfect for there to be no y-intercept whatsoever.

4.2 Fuel/Oxidant Ratio and Burner Height

4.2.1 Results

Flame height 2.5 cm

λCa 422.7 nm

Fuel/ox Max fuel Air

KCl 3.5 10

No KCl 3.5 10

(See Figure 2 on page 12.)

4.2.2 Discussion

Based on Figure 2, we can see a clear trend between detection height and signal strength

that peaks at roughly 18 turns, or 2.5 cm, and we ultimately find that the fuel-rich 10:3.5

air:fuel mixture produces the highest signal response value. This “rich” mixture contains

excess analyte compared to a stoichiometric mixture, meaning not all of the acetylene

is combusted and producing a strong yellow color from unburned fuel. Compared to a

stoichiometric mixture, a rich mixture burns cooler and therefore creates smaller amounts

of interfering analyte ions, improving sensitivity and signal strength[2]. We can explain

the optimum 2.5 cm height by recognizing that by starting at a high point and turning

our way down, the temperature of our measurement area changes. For points far above

the optimum point in the flame, the signal is weak because the distance from the flame is

high and the little analyte is excited there. As we get closer to the optimum flame height,

the temperature increases and the amount of excited analyte peaks. Past that point,

the flame either becomes too hot and produces ionized analyte, or we pass the point of

maximum temperature in the flame (above the second “cone” that forms). Either way,

the signal strength begins to fall off past this point.
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4.3 Ionization Interference

4.3.1 Results

[Ca2+] KCl sensitivity R2

2.70 ppm 1.7188×10−5 0.8331

0.675 ppm 1.2374×10−5 0.7618

(See Figure 3 on page 13. Note that this graph is logarithmic, but the trendlines are

linear, causing a curved appearance.)

4.3.2 Discussion

In this section of the experiment, we attempted to determine what concentrations of

a “sacrificial” element that will oxidize preferentially over an analyte are necessary to

minimize the inhibiting effects of analyte ionization on our analysis. While we were able

to create rough positive correlations that confirm the theory that such “sacrificial oxides”

can indeed improve the sensitivity of AAS, our trends are not exceptionally strong and

(perhaps more damningly) our correlation coefficients indicate that very high relative

concentrations of potassium were necessary to produce significant improvements in the

signal strength of calcium. Of the various potassium chloride samples we created (0, 10,

100, and 1000 µg
mL

), only the 1000 µg
mL

(ie the 1000 ppm KCl sample) elicited a change

in the Ca2+ signal that was greater than 5%. While these changes are by no means

insignificant, the fact that they only occur at concentrations 400 times that of the analyte

solutions themselves indicates that they may not, by themselves, be an efficient method

of increasing analyte signal.

4.4 Chemical Interference

4.4.1 Results

%EtOHv
v

R2 Slope Intercept

0% 0.9808 0.2209 .9016

47.5% 0.9792 0.2205 1.0201

(See Figure 4 on page 14.)
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4.4.2 Discussion

In this section of the experiment, we demonstrated that introduction of contaminating

phosphoric acid can reduce signal yield during AAS through the sequestration of cal-

cium analyte to form more-stable calcium phosphate salts that do not excite as easily.

There are two major ways of counteracting this loss of sensitivity – change in solvent

to encourage greater volatility of the sample (usually through lower aerosol particulate

size), or increase in flame temperature to encourage more efficient vaporization of the

sample. There are multiple important trends that are evident from our data – first,

that increased adulterating phosphate concentration correlates highly with a decrease in

signal (corroborated by high R2 values for both water and ethanol samples) – second,

that the introduction of a solvent that nebulizes to form smaller particles (ethanol) will

decrease the retarding effects of phosphate impurities by encouraging the vaporization

of samples (corroborated by the large differences in intercept between our two data sets,

with roughly equal slopes, showing that one is almost strictly greater than the other) –

and third, that increased temperature can likewise increase the signal of the analyte, also

by encouraging the vaporization of samples. Similar inhibiting effects could be caused by

other anions that tend to form relatively stable precipitates with metal ions – carbon-

ates, sulfides, hydroxides, chromates, and fluorides, for instance. In each of these cases,

the sequestering effect can be partially mitigated through the application of techniques

designed to ensure that the sequestered analyte vaporizes normally.

4.5 Brass Unknown Analysis

4.5.1 Results

% Copper in unknown 54.94%

(See Figure 1 and Equation 3 on page 11, as well as work in Section A.3 on page 11.)
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4.5.2 Discussion

Based on the high precision of our fit for our copper calibration curve (see Section 4.1.2),

we can easily interpolate the value of our copper signal to determine the concentration

of our unknown, at which point merely dividing by our known unknown concentration

gives us the fractional composition of the analyte in our unknown sample. We receive a

final value of 55% copper in our brass sample (once again, brass #30), a value that is

eminently reasonable considering that the most common forms of “pure” brass (ie brasses

that consist only of copper and zinc, and are not alloyed with other metals) generally

have copper percentages ranging from 50-65%, with lower values being exceedingly brittle

and higher values exceedingly malleable.

5 Conclusion

In this lab, we were successfully able to determine the concentration of one component of

an unknown sample to a high degree of precision, using Atomic Absorption Spectroscopy.

Additionally, we learned about several factors that can influence the sensitivity of AAS,

and how to tune these (instrumental and chemical) factors to increase the effectiveness of

the analytical technique. We learned how fuel/air ratio can determine the temperature of

the flame; perfect stoichiometric burning often produces a flame that is too hot to use for

AAS without ionizing the analyte, somethign that throws off accuracy – as a result, “rich”

fuel mixtures are often preferred. We determined (using a combination of experimental

technique and common sense) the optimal height at which to measure the flame – not

too high as to get no signal at all, but also not too low (as to get no signal at all). We

determined that the use of an easily-ionized “sacrificial” ion can mitigate the effects of

analyte ionization on signal strength, though at very high relative concentrations and

only small relative effectiveness. Finally, we determined that the presence of sequestering

anions can cause the creation of more-stable analyte compounds that do not vaporize as

easily as pure analyte, forcing the use of either higher temperatures or solvents designed

to create finer particulate in order to enable the vaporization of the sample. With the
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exception of our “sacrificial ion” experiment, our accuracy is excellent, a feat which is

due in no small part to the extreme capabilities of the instrument itself. Based on this

knowledge, we can say with certainty that AAS is a vital tool in any analytical chemist’s

repertoire.

References

[1] Atomic Absorption Spectroscopy [Online]; Galbraith Laboratories.

http://www.galbraith.com/spectroscopy.htm (accessed Feb 28, 2014).

[2] Stoichiometric Combustion [Online]; Engineering Toolbox.

http://www.engineeringtoolbox.com/stoichiometric-combustion-d 399.html (ac-

cessed Feb 28, 2014).

[3] Atomic Absorption Spectroscopy (AA) [Online]; Brian M. Tissue.

http://www.files.chem.vt.edu/chem-ed/spec/atomic/aa.html (accessed Feb 28,

2014).

A Calculations

A.1 Detection Limits

RMS Baseline Noise 1.477×10−3

Detection Limit 0.0012

Sensitivity 0.120 ppm

The data for the 0.01 ppm copper standard is below the detection limit, and has been

omitted from the following calculations.

A.2 Copper Standard Calibration Curve

(Raw data from section B.1)
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Figure 1: AAS Calibration Curve of Copper (R2 = 0.9998)

Trendline : Abs = 0.120471c + 0.00280854 (3)

A.3 Brass Unknown Interpolation

From the calibration curve (Equation 3) and the brass unknown data (Section B.1):

Abs = 0.120471c + 0.00280854

c = 8.30075(Abs− 0.00280854)

c = 8.30075(0.069 − 0.00280854)

c = 0.5494

Brass unknown concentration: 1 ppm

Copper percent composition in unknown: 54.94%

A.4 Aspiration Data

(Raw data from section B.2.1)
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Figure 2: Measurement Height (turns) vs. Signal Strength

A.5 Ca2+/KCl Ionization Data

(Raw data from section B.2.2)

A.6 Ca2+/H3PO4 Ionization Data

(Raw data from section B.2.3)
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Figure 3: [KCl] vs. Ca2+ Signal Strength (logarithmic)

B Data

B.1 Copper Standard Calibration

Conc. (ppm) Mean Std. Dev.

5 0.603 0.0012

2 0.250 0.0005

1 0.122 0.0004

0.5 0.063 0.0001

0.2 0.026 0.0001

0.1 0.013 0.0001

0.01 0.001 0.0002

Brass Unknown (1 ppm) 0.069 0.0005

(λCu=324.75 nm)
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Figure 4: log10(
Ca2+

PO3-
4

) vs. Ca2+ Signal Strength

B.2 Instrumental and Chemical Parameters Data

B.2.1 Burner Parameters

Turns Signal

5 0.03

6 0.04

7 0.06

8 0.07

9 0.09

10 0.11

11 0.13

12 0.15

13 0.17

14 0.19

15 0.2

16 0.21

17 0.22

18 0.22

19 0.21

Flame height 2.5 cm

λCa 422.7 nm

Fuel/ox Max fuel Air

KCl 3.5 10

No KCl 3.5 10
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B.2.2 KCl Ionization Data

2.7 ppm Ca2+ 0.675 ppm Ca2+

[KCl] (ppm) Mean Std. Dev Mean Std. Dev

1000 0.182 0.0022 0.064 0.0007

100 0.168 0.0012 0.058 0.0011

10 0.169 0.0019 0.049 0.0005

0 0.16 0.0009 0.051 0.0006

B.2.3 H3PO4 Ionization Data

13 ppm Ca2+

H3PO4 no EtOH 47.5% v
v

EtOH Ca/PO4 signal

mL H3PO4 [H3PO4] (ppm) mean stdev mean stdev log10(
Ca2+

PO3-
4

)

10 122445 0.051 0.0006 0.125 0.0026 -3.9739977

3 36733.50072 0.113 0.0019 0.256 0.0008 -3.451118

1 12244.50024 0.22 0.0038 0.401 0.0093 -2.973997

0.3 3673.350072 0.378 0.0088 0.492 0.0053 -2.451118

0.1 1224.450024 0.471 0.0021 0.558 0.0062 -1.973998

0 0 0.671 0.0073 0.673 0.0183 N/A

Phosphoric Acid Concentration 10 mL H3PO4

100 mL solution
×85% acid×14.7mmol

mL
×97.9952 mg

mmol
×

1000 mL
1 L

× 1 L
1 kg

× 1 ppm
1 mg

kg
= 122445 ppm
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