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A system capable of continuously measuring mercury
using ICP-OES, in the effluent gases from incineration
and other industrial processes, has been verified using an
experimental furnace.

Introduction

Exper 1menldlcommuouscmlssmnsmomtoxmn(CEM)techmques
began appearing in the literature in the mid-1990s.'? The
techniques described in lhe literature are inductively coupled
plasmd -mass spectrometry,” laser mduced plasma spectrometry,”
microwave-induced pldsmd speclroscopy > air inductively coupled
plasma optical emission spectr oscopy, ®and also argon mductwe]y
coupled plasma-optical/atomic emission spectrometry.’

One of the major challenges for CEM techniques has been
obtaining accurate gas-phase calibrations.®? Due to potential
losses in the gas sampling system, it has been questioned whether
laboratory based calculations are representative of samples
introduced at the start of the sample collection system.' This
experiment describes the practical verification of a laboratory
calibration, using a volatile metal introduced into a combustion
system, thereby confirming both the laboratory calibration and the
efficacy of the sample collection system.

Mercury was chosen for this experiment as mercury is volatile,
having a high vapour pressure at relatively low temperature. In
addition, it undergoes few interactions with incinerator or other
combustion systems, minimising complications due to in-furnace
reactions.'"!* Mercury and mercury chloride are known to be the
major species found in large-scale combustors, but mercury
chloride was avoided for this experiment, due to the increased
chances of interaction with the system.

1t should be noted that mercury is one of the more difficult
metals to detect by ICP, having relatively low sensitivity. Thus,
it may reasonably be inferred that if it can be successfully
measured at gas-phase concentrations approaching the calcu-
lated detection limit other, more sensitive, metals may also be

detected, if they are present in the flue gas.

Experimental
Continuous emissions monitoring laboratory

The continuous emissions monitoring laboratory (CEML) is a
self-contained mini-laboratory that is transportable using a
crane and lorry. The CEML has been designed and built
by project collaborator Spectro Al, Kleve, Germany. The
specifications of the laboratory and instrumentation have been
described in detail in our previous paper.'

Instrumentation

All determinations were carried out using a Spectro Ciros-CCD
ICP-OES with radial view configuration (Spectro Al, Kleve,
Germany). The torch used for the analysis was a custom-built

+ Electronic supplementary information (ESI) available: the emission
profile for mercury. See http:/www.rsc.org/suppdata/ja/b4/b400578c/
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demountable torch with an injector id of 1.8 mm, to allow for
the higher flow of coolant gas and higher power needed to
sustain the plasma under atmospheric conditions.

Data was collected using the Spectro Smart Analyser
software. A signal integration time was set at 24 s. General
operating parameters are shown in Table 1.

Samples and sample collection

The sampling system is often the weakest part of a continuous
monitoxing system for gaseous samples, and the following
dcmgn is based upon the expencnce of those most experienced
in gas analysis system design.'* A 40 m heated sampling line
(PTFE lined, id = 12 mm) was used to isokinetically sample
gas from lhe flue of the test furnace at gas flow rates of
60 L min™". The sample line was operated at a temperature
of 200 “C, to minimise deposition, and avoid problems of
condensation. A continuous low flow rate sub-sample was
taken, using a double head, out of phase, peristaltic pump via a
secondary sampling stage at 0.24 L min~

Calibration

Calibration was achieved by introducing a standard aerosol,
prepared /n situ using a modified lichte nebuliser. The nebuliser
conditions were: peristaltic pump speed = 2, nebuliser gas flow
0.8 L min~", additional flow 0.7 L min~

Elemental calibration standards were prepared from a
stock solution (BDH, Poole, Dorset) covering the range
0.0104 mg m™ to 2.082 mg m~*, the nebuliser efficiency
having been previously determined by means of a mass-
balance. Elemental calibrations were made with additional
argon flow being used to maintain the total gas through the
ICP torch at the level usually encountered when gas samples
were being taken. Mercury was measured at 253.652 nm, with
background corrections being made instrumentally.

The test furnace

The test furnace used was a small, fixed bed device, made of
steel, and refractory lined. It was heated with an electrically
controlled gas oil burner, capable of operating at between
28 and 60 kW of thermal output, with current burner settings
leading to a thermal output of 30-32 kW. The exhaust gases

Table 1 ICP operating parameters

Parameter Value
Generator frequency/MHz 27.15
Power rf/kW 1.7
Plasma gas flow rate/| min™' 20.0
Auxiliary gas flow rate/l min ~' 0.8
Aerosol carrier gas flow rate/l min ~' 0.8
Sample gas flow rate/l min™' 0.24
Injector tube diameler/mm 1.8
Stabilisation time/s 15
Read time/s 40
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generated passed through a vertical chimney and were released
to the atmosphere without any gas clean-up. Gases were
sampled by the CEML from a sampling point in the chimney,
about 40 cm below the top. The furnace was fitted with a side
entry port, to allow the introduction of solid samples directly
into the combustion chamber. on a stainless steel probe.

Metal spikings in the test furnace

Small spikes of elemental mercury (99.99%., Sigma-Aldrich,
Gillingham, Dorset) were added to the stainless steel sample
introduction probe, which was placed in the furnace to allow
evaporation. Sample masses between 0.0015 and 0.0258 g were
added. The practicalities of the experimental system prevented
smaller samples being introduced to the furnace as they could not
be weighed accurately, so all spikings were above anticipated
detection limits.

The concentration of metal present in the flue gas of the
furnuce was measured throughout the experiment using the
ICP. The measured gas-phase concentrations were used to
calculate the total amount of metal accounted for in the flue gas,
and the mass of metal added was compared with the output.

Results and discussion

Continuous measurements

The emission profile for mercury observed in the flue gas of the
furnace during the metal spiking experiment is shown in Fig. S17.
Twelve emission events are clearly observed, corresponding to
twelve spiking events, two of which have been excluded from
calculations as outliers. The maximum concentrations on the
profile are approximately 8 mg m ™, for a furnace spike of 25 mg
of mercury.

It should be noted that the responses do not appear to be
significantly altered by changes in carbon dioxide emission or
other interferences, and that as such observed variations in signal
response do correspond to changes in flue metal concentration.
Good baseline resolution is observed between emission events.

Calculation of total mercury in flue gas based on measured
concentration

A spiking event in the furnace results in a spike of mercury in
the flue gas of up to § mg ™, and typically lasting 3-4 min. A
measurement of mercury in the flue gas was recorded every
26-27s. As the total flow of gas through the test furnace was
known, the total amount of mercury released in the flue gas
during a single measurement event could be calculated.

A comparison of the amounts of mercury added to the furnace
with the calculated amount released from the furnace flue is shown
in Fig. 1 ()= 1.0296x — 1.2398, = 0.9677). Agreement between
the measured and calculated values is generally very good.
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Conclusion

From the data presented in this work it has been shown that it is
possible to quantitatively measure emission concentrations for
elements in the gas phase using ICP-OES. This experiment has
confirmed that the use of a nebuliser 1o generate an aqueous
aerosol of standard is an acceptable method of calibration of a
gas-phase measurement system. While the significance of the
effect of changing gas composition (water, oxygen and carbon
dioxide concentrations) makes quantitative measurement
challenging, this experiment has demonstrated that a good
correlation is achieved between measurements of gas phase
metal and known metallic input in laboratory conditions.

The authors believe that the verification method used in this
experimental programme is the best possible method for
ensuring the satisfactory behaviour of the whole analytical
system. as it emulates as nearly as possible the type of matrix and
variability observed in an industrial combustion system. It is
believed that the outliers observed arc duce to the experimental
technique, where a small quantity of mercury is being distributed
into a large volume of gas, rather than the performance of the
analytical system itself. The analysis has been proven to be both
sensitive and accurate in a difficult analytical situation.”

Although agreement is gencrally good between measured
and calculated values, some outliers have been observed. In two
cases, the measured amount of metal was slightly higher than
the added amount. This could be due to a memory effect of
mercury in the furnace or analytical system, or could be as a
result of the assumptions made in the experimental design.

The data presented here show that the system may be
successfully calibrated using aqueous standards to accurately
measure metals in flue gases. This is a significant advance towards
the acceptance of the accuracy of a developing continuous
monitoring technology for metals in gaseous samples.

In continuing the development of the CEML system, and
building on the work carried out to date, investigation will
continue into the stability of the analytical system in a gas
which has significantly variable bulk composition. In addition,
investigations will be conducted into the measurement of
metals which are volatile enough to be released into the gas
phase, but which re-condense early in the combustion systen,
so require /measurement as an aerosol of solid particles.
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Abstract A system capable of continuously measuring a
range of metallic elements in the effluent gas from incin-
erators and other similar industrial processes, and provid-
ing on-line results has been developed. With a state-of-
the-art mobile laboratory measurements were taken from
a UK municipal solid waste incinerator. The detection sys-
tem used was an ICP-OES, with a modified torch to allow
the introduction of flue gas directly into the plasma. Met-
als that were investigated were Ni, Hg, V, Al, Na, Ca, Cu,
Sn, Pb, Sb, As, Cd and TI, with limits of detection in the
range 0.0004 mg m~3 to 0.1 mg m~* being calculated. Emis-
sion measurements produced data that showed that the
MSWI plants emission were significantly lower than the
emission limits specified in EC 2000/76/EC.

Keywords Flue gas - Continuous emission monitoring -
ICP-OES - Metals - On-line analysis

Introduction

Incineration is often seen as an undesirable and environ-
mentally unacceptable form of waste management. Much
of the opposition appears to be based on the historic real-
ity of incinerators, which were poorly controlled and highly
polluting. Much is now known about the combustion pro-
cess, formation of pollutants and pollutant removal or im-
pact minimisation. Thus incineration plants now provide a
highly sophisticated and controlled waste processing sys-

tem [1, 2].
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At present between 5% and 9% of UK controlled waste
is incinerated, and as energy can be recovered from incin-
erated material, through electricity generation, or district
heating schemes, in this context, waste is seen as a renew-
able energy source, and so contributes to the electricity
generation non-fossil fuel obligation (NFFO). Incinerator
operating conditions are tightly controlled, so if operating
within legislative limits, incineration is a relatively clean
process for the disposal of waste, where none of the avail-
able options are ideal [3].

Current EC legislation limits permissible pollutant lev-
els in gases, liquids, and solids resulting from incinera-
tion. These regulations require the continuous measure-
ment of bulk pollutant constituents, such as SO,, HCI and
dust, and extractive sampling of trace metal and organic
pollutants [4].

Traditional extractive monitoring methodologies re-
quire the taking of discreet samples with subsequent labo-
ratory based analysis. The development of real-time mon-
itoring of element and heavy metals in gaseous samples
is, therefore, seen as a major breakthrough in both the un-
derstanding of industrial processes and in the measure-
ment of emissions for legislative purposes.

Without continuous and cost-effective sampling and
analysis programmes, proper understanding of the ele-
mental emissions from combustion processes will not be
realised and hence, it will not be possible to develop in-
formed control strategies designed to minimise gaseous
emissions of toxic-metals. Current emissions legislation
indicates that it is the intention of regulatory bodies to in-
troduce continuous monitoring of metals, as soon as ade-
quate technology becomes available [4, 5].

Experimental continuous emissions monitoring (CEM)
techniques began appearing in the literature in the mid-
1990s [6, 7]. Previously, there had been very little by way
of multi-element continuous monitoring which may have
been applicable to gaseous emissions from industrial pro-
cesses. The techniques described in the literature are in-
ductively coupled plasma — mass spectrometry [8], laser
induced plasma spectrometry [9] (also known as spark-in-
duced breakdown spectroscopy), microwave-induced plasma
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Fig.1 Schematic diagram of
the CEM-ICP-OES system
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spectroscopy [10], air inductively coupled plasma optical
emission spectroscopy [11, 12, 13], and also argon induc-
tively coupled plasma — optical/atomic emission spec-
trometry [14, 15, 16]. However to date, despite significant
advances in these techniques, all of which are plasma
based, none have been found to meet the quality require-
ments for regulatory endorsement [17, 18, 19]. Recent de-
velopments have either been in the laser- or microwave-
induced plasma techniques [18, 20], or in argon-ICP-OES
[16, 21]. Meyer and Seltzer continue to work on an argon-
ICP-OES system, but this is significantly different from
the technique described here, in that the gas sampling sys-
tem is different. Their technique uses a recirculating sam-
ple loop, analogous to the sample loop on an HPLC,
whereas our system relies on a continuous subsampling
from the isokinetic sample drawn from the flue [22].

The work presented here focuses on the measurement
of the metals, that are required by current legislation, in
the gaseous emission from an municipal solid waste in-
cinerator. Data was obtained using a state-of-the-art mo-
bile laboratory-based continuous emission monitoring sys-
tem using ICP-OES-CCD detection. This unique system,
built in collaboration with Spectro Al, is a self-contained
laboratory that is designed to be used at industrial loca-
tions for the measurement of gaseous emissions.

Experimental

Continuous emission monitoring laboratory

The continuous emission monitoring laboratory (CEML) is a self-
contained mini laboratory that is transportable using a crane and
lorry. The CEML has been designed and built by project collabo-
rator Spectro Al, Kleve, Germany. The dimensions of the CEML
are 6.5mx2.4m with an overall height of 3.5m, and a nominal
weight of 7.2 tonnes.

The CEML requires a mains power supply of 3040kVA and
supplied through an externally mounted 40kKA transformer. The
CEML also is supplied with an externally mounted 230-L capacity

cryotank, for liquid argon.

USN Spray chamber —
@

g# 2y / ‘L:;Gﬂ—

3

J

Desolvator Condenser

A

sho

Peristaltic Pump

0.1 - 0.3 L/min
Table1 ICP operating parameters
Parameter Value
Generator Frequency (MHz) 27.15
Power RF (kW) 1.7
Plasma gas flow rate (L min!) 20.0
Auxiliary gas flow rate (L min™!) 0.8
Aerosol carrier gas flow rate (L min™!) 0.7
Sample gas flow rate (L min™') 0.24
Injector tube diameter (mm) 1.8
Stabilisation time () 15
Read time (s) 40
iljableZ Element emission EARmens Wavelength
mes (nm)
Carbon (I) 247.856
Nitrogen (I) 174.273
Oxygen (I) 130.485
Argon (I) 430.010
Sodium (I) 589.592
Calcium (II) 393.366
Aluminium (I) 396.152
Thallium (I) 276.800
Tin (I) 303.413
Lead (II) 405.785
Antimony (I) 252.852
Arsenic (I) 193.759
Nickel (I) 341.476
Copper (I) 324.754
Cadmium (IT) 226.502
Mercury (I) 253.652
Instrumentation

All determinations were carried out using a Spectro Ciros-CCD
ICP-OES with radial view configuration (Spectro Al, Kleve, Ger-
many). The torch used for the analysis was a custom built de-
mountable torch with an injector i.d. of 1.8 mm, to allow for the
higher flow of coolant gas and higher power, needed to sustain the
plasma under atmospheric conditions. Fig. 1 shows a schematic di-
agram of the instrumental configuration.
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fig.2 Schematic diagram of the incineration plant

Fig.3 Image of continuous emissions monitoring laboratory at
MSWI plant
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Plasma gas flows, such as coolant flow, nebuliser flow and

auxiliary flow were optimised by measuring plasma temperature
23]. Data was collected using the Spectro Smart Analyser soft-
ware. A signal integration time was set at 44 s. Operating parame-
ters are shown in Table 1, while the emission lines are shown in
Table 2.

This instrument comprises a solid-state CCD detector with
continuous wavelength coverage from 125 nm to 770 nm, this pro-
vides approximately 40,000 measurable emission lines. With the
CCD detector it is possible to set the background corrections so
that interferences from carbon molecular and other species are re-
duced. The background correction feature is controlled by the soft-
ware.

Samples and sample collection

Using a 40-m heated sampling line (PTFE lined, i.d.=12 mm) gas was
isokinetically sampled from the flue stack at gas flow rates of 60 L
min~!. The sample line was operated at a temperature of 200 °C.
A continuous low flow rate sub-sample was taken, using a double
head, out of phase, peristaltic pump via a secondary sampling stage
at 0.24 L min™".

Calibration

Calibration was achieved by introducing a standard aerosol, pre-
pared in-situ using a Spectro USN200 Ultrasonic Nebuliser (USN)
with the carrier gas being drawn through the USN by the peristaltic
pump. The ultrasonic nebuliser conditions were: heater tempera-
ture 160 °C, cooler temperature 2 °C with a carrier gas flow being
0.24 Lmin~'. The USN is used to provide a dry aerosol that con-
tains the elements of interest, as well as to normalise the water
content of the sample gas, thus making the calibration conditions
as close to the sampling conditions as possible.

Elemental calibration standards were prepared from a stock
solution (BDH, Poole, Dorset) covering the range 1.2ngm™ to
0.12mgm=. Elemental calibration measurements were taken at
different carbon dioxide concentrations. Artificial flue gas mix-
tures were prepared with carbon dioxide concentrations of 0%, 5%
and 10%. These mixtures were prepared from nitrogen, oxygen
and carbon dioxide cylinders through suitable mass flow con-
trollers. Carbon dioxide calibration is also measured using these
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Fig.5 Charts showing carbon
dioxide and oxygen concentra- o
tions against time
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gas mixtures. On-line calibration checks were performed during
experimental runs by nebulising a known standard during flue gas

measurements.

Industrial plant studies

The CEML system was used in a field trial at a municipal solid
waste incineration (MSWI) plant. The plant had 2lines, each in-
cinerating up to 12 tonnes of waste per hour. The plant had an en-
ergy recovery system, generating electricity and providing heating
to local buildings. Flue gas treatment comprised of a dry scrubbing
system using hydrated lime and activated carbon, followed by bag
filters. The plant gas cleanup system is designed to remove partic-
ulate matter down to 5 um, which results in an air pollution control
residue containing fly ash and products arising from the lime and
carbon cleanup system. A schematic overview of the incineration
process is shown in Fig. 2. The analytical sampling point was lo-
cated in the duct following the filtration system and is the one used
for legislative sampling.

The constituents of MSWI flue gas are variable but are gener-
ally considered to contain 10-15% carbon dioxide, 10-15% water,

15:00 16:00 17.00 18:00

Time (hh:mm)

14:00

5-10% oxygen, with trace levels of carbon monoxide, SO, and

The CEML was transported to the plant by lorry and for the dura-
tion of the sampling regime was left on the trailer. This is seen in
Fig. 3. The plant provided power and water to the CEML, and the lig-
uid argon was supplied on-site by Cryoservice (Worcester, UK). Af-
ter arrival at the plant, the CEML was powered up and the ICP-OES
was allowed to equilibrate for 24 h before use.

Measurements were taken over an extended sampling period.
This time covered plant waste delivery and shift change overs.

Results and discussion
Carbon dioxide measurement

Using the CEML it is possible to measure the concentra-
tion of bulk gases such as oxygen, nitrogen and carbon
dioxide. However at a municipal solid waste incinerator, it
is usually only necessary to measure oxygen and carbon
monoxide.
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fig.6 Calibration curve for
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Using artificial flue gas of known concentrations, emis- o Csig A 1
sion signals were measured at 130.485nm for oxygen, 18corr = > X Arsig 1)

247.856 nm for carbon and 430.010 nm for argon. Figure 4
shows the plot of carbon emission signal and carbon diox-
ide concentration. From this it is possible to see that there
is a linear relationship between carbon signal and carbon
concentration. A similar relationship is also seen between
oxygen concentration and the oxygen emission signal.

As oxygen and carbon signals are linked it is possible
prepare a calibration plot by plotting carbon (or oxygen)
concentration verses corrected signal. The corrected sig-
nal is calculated from Eq. 1. To calculate oxygen concen-
tration, the carbon and oxygen emission signals are in-

verted in the equation.

It is therefore possible to calculate the slope and intercept
for this slope, from which it is possible to calculate the
concentration in an analytical sample.

As part of an industrial trial that will be discussed in a
later section, bulk gas composition was measured. The
carbon dioxide and oxygen concentrations are shown in
Fig.5, where it is observed that in general there is an in-
verse correlation between oxygen and carbon dioxide.

In order to assess the validity of the data obtained from
the CEML it was necessary to obtain data from an alter-
native source. During the trials, carbon dioxide and oxy-
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Table4 Limit of detection

Table3 Calibration statistics
Ele- Slope Intercept r2 Ele- Cco, Limit of Background equivalent
ment ment concentration detection concentration
% -3 -3
Ni 0%  45308.37 948.6119 0.099892 %) (mg ™) (mgm™)
5% 44706.02 935.6884 0.999913 Ni 0 0.00080 0.00040
10% 44053.07 838.8854 0.999591 5 0.00026 0.00013
Hg 0%  922.8003 410.247 0.999642 10 0.00068 0.00034
5% 906.2942 343.1156 0.999578 Hg 0 0.02335 0.01167
10% 874.4452 339.9031 0.99865 5 0.01905 0.00953
v 0% 21660.2 661.9839 0.999838 10 0.02759 0.01380
5% 21542.28 580.1077 099985 V 0 0.00230 0.00115
10% 21534.93 427.2433 0.999225 5 0.00116 0.00058
Al 0% 53906.57 -604.703 0.999547 10 0.00054 0.00047
5% 54419.32 —668.581 0.999578 Al 0 0.00005 0.00002
10% 54741.61 ~754.536 0.99921 5 0.00049 0.00024
Na 0% 249819.7 6540.084 0.999739 10 0.00006 0.00003
5% 240418.3 6267.646 0.999149 Na 0 0.00022 0.00011
10% 244756.5 8037.863 0.997173 5 0.00005 0.00002
Ca 0%  559802.9 ~11966.4 0.998928 10 0.00019 0.00010
5% 534351.9 -6018.21 099973 Ca 0 0.00004 0.000018
10% 517055.9 -5699.88 0.999757 5 0.00003 0.000015
Sn 0% 3445364 740.3374 0.999849 10 0.00004 0.000019
5% 3368.34 610.4997 0.999713 Sn 0 0.00621 0.00310
10% 3264343 623.4102 0.999786 5 0.00550 0.00275
Pb 0% 7396.693 2737.054 0.999046 10 0.00772 0.00386
5% 7137.311 3479.283 0999422 Pb 0 0.00203 0.00101
10% 7045.092 4957.168 0.999156 5 0.00184 0.00092
Sh 0% 1635.286 571.2113 0.999694 10 0.00554 0.00277
5% 1622.771 539.2186 0.999798 Sb 0 0.01616 0.00808
10% 1608.765 489.3008 0.999332 5 0.00920 0.00460
As 0% 2723416 1157.173 0.979594 10 0.00389 0.00195
5% 238.2767 1154.074 0.994749  As 0 0.04084 0.02042
10% 290.9608 1342.806 0.986261 5 0.11225 0.05614
cd 0% 1427578 1943.534 0.999346 10 0.08801 0.04401
5% 1408.996 1821.046 0.999465 Cd 0 0.01851 0.00925
10% 1423.485 1797.51 0.999775 5 0.01937 0.00968
Cu 0% 1287858 ~266.439 0.99995 10 0.01913 0.00956
5% 127972.8 -538.096 0.999896 Tl 0 0.02369 0.01185
10% 125494.3 —669.812 0.999779 5 0.00530 0.00265
Tl 0% 6773083 342.0636 0.997859 10 0.00947 0.00474
5% 729.3378 302.5626 0.995878
10% 706.9044 300.7998 0.997523 _
Carbon dioxide has been observed to be the major

gen were monitored using gas analysers. Visual observa-
tion confirmed that the observed data and calculated data
correlated to some degree.

It was also possible to obtain data from the oxygen
analysers on the plant and it observed that there is good
correlation between the two data sets. However, it should
be noted that the location of the oxygen gas analyser was
different to the CEML sampling point, and also that the
time base of the analyser was different to from that of the
CEML system. L

The fluctuation in the carbon dioxide content of the gas
sample is directly related to the temperature of the fur-
nace. When the temperature drops, and waste is added,
highly combustible material will burn rapidly, causing a
peak in the carbon content of the flue gas. ,

component of the flue gas that affects the plasma. Other
combustion by-products such as SO, and NO, are effec-
tively removed from the gas stream by the MSWI plants
flue gas treatment system.

Calibration

Calibration curves for calcium and arsenic are shown in
Fig. 6. It can be seen that in general, linearity has been ob-
tained over a wide calibration range. The carbon dioxide
content of the sample can be seen to affect the calibration,
both in terms of sensitivity, as shown by a change in line
gradient, and background noise, as shown by intercept
value. Calibration details for the full range of elements
being discussed are shown in Table 3.
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Fig.7 Continuous measure-
ment chart for nickel, cadmium
ind mercury
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The calibration lines show two distinct features, which
are both related to the effects on the plasma of carbon
dioxide. The first phenomena is that for the calibration
performed with elevated levels of carbon dioxide, the gra-
dient of the calibration line differs compared with that of
the atmospheric air calibration. Aluminium and nickel show
signal enhancement whereas vanadium exhibits signal
suppression. The effect on mercury is small, but shows a

slight enhancement.
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There are two main reasons for signal sensitivity change
due to increased carbon dioxide in the plasma. The first is
the quenching effect of the molecular gas, which will re-
duce the plasma temperature. As plasma temperature
drops, the Boltzmann energy distribution of elements in
the plasma will change. In particular, high upper-energy
transitions will become less accessible, so signals corre-
sponding to high-energy (ionic) transitions will tend to be
suppressed [24]. The second effect is that of ionic species
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generated, such as C*. These are believed to aid ionisation
of elements with lower ionisation energies than them-
selves. Thus hard to ionise elements such as Hg can show
significant enhancement in sensitivity, whereas the effect
on more easily ionisable elements such as Sn, Pb, and Ni
is less [25, 26). However, an examination of ionisation
energies shows that this is significant, but not the only
factor affecting signal response. The overall observed re-
sult of these two competing effects on signal may be an
increase, decrease, or no significant change in sensitivity,
but it is not the aim of this paper to discuss in detail the
thermodynamic reasons for the effect on each element.
The second phenomenon observed is an increase in the
value of the intercept. This is caused by an increase in the
background noise at higher carbon dioxide concentra-
tions. Evidence of this is also seen in the spectra, where an
increasing carbon dioxide level gives rise to extra emis-
sion lines. The emission lines are thought to originate
from molecular emissions of carbon dioxide and other
species produced in the plasma [27]. The Ciros-CCD de-
tector allows improved ability to correct for this problem
over older detector technologies. A background signal can
be taken to the side of the analyte signal, and this value
subtracted from the peak, in order to perform a back-
ground correction.

Limits of detection

Limits of detection and BEC values are seen to change, as
shown in Table 4. The detection limit is the concentration
that is obtained when the measured signal differs signifi-
cantly from the background. It is defined here as the con-
centration that corresponds to a net signal two times larger
than the standard deviation of the background. The back-
ground equivalent concentration is the concentration that

corresponds to the background signal.

Continuous measurements

Trace metals

" As can be seen from the data presented in Fig. 7, this pro-
ject has demonstrated the potential for the continuous
measurement of metals in the gas phase. The results shown
are taken from a 24-h sampling period. The charts shown
in Fig.7, show two distinct features. These spikes at ap-
proximately 15:30hrs and 10:00hrs are from analytical qual-
ity standards that were used to check the accuracy of the
calibration. Differences in the sensitivity of the emission
lines can be seen in the shapes of the peaks, with cad-
mium giving significantly narrower peaks than the more
sensitive nickel.

It should be noted that the responses do not appear to
be related to interferences from carbon dioxide emission,
and that as such observed variations in signal response do
correspond to changes in flue metal concentration. It is
evident that the on-line calibration check has the potential

Table5 Results of alternative sampling protacols at the MSWI

Metal Limit Extractive Extractive
(2000/76/EC) Test 1 Test 2
(mgm) (mgm3) (mgm?)
Hg 0.05 0.00014 0.00016
Cd .
Tl
TCd+Tl 0.05 0.00047 0.00026
Sb <{.00073 0.0041
As <0.00073 <0.00074
Pb 0.0015 0.00074
Cr 0.0018 0.0048
Co <0.00022 <0.00022
Cu 0.0058 0.00074
Mn 0.080 0.0020
Ni 0.0061 0.021
v <0.00022 <0.00022
T Metals 0.5 0.096 0.034

to introduce a systematic error, as it does not take account
of flue metal emissions at the point where the standard is
introduced. However, as can be seen from Fig. 7, the stan-
dards have a significantly higher concentration than the
flue gas does, so the error will be minimal, and thus this
technique provides a useful check of measurement perfor-
mance, in terms of sensitivity and accuracy, during ex-
tended runs.

The data shown in Table 5, shows the results of the MSWI
plants most recent legislative flue gas analysis. It can be
seen that for both analytical tests plant is operating well
below the required limit, which is also shown. Using this
data and the results from the CEML it can be seen that the
values obtained are of a comparable magnitude. And also
that the calculated limits of detection (Table4) of the
CEML are significantly lower than the legislative limit,
thus giving confidence that the results obtained are reli-

able.

Conclusion

The legislation that controls the emissions from MSWI
plant, EC2000/76/EC indicates that it is the intention of
European regulatory bodies to introduce continuous mon-
itoring of metal when the technology becomes available.
The data presented here shows that the technique is capa-
ble of continuously measuring the desired metals at the
appropriate limits of detection. .

From the data presented in this work it has been shown
that it is possible to quantitatively measure emission con-
centrations for elements in the gaseous emissions from an
MSWI plant using ICP-OES. It has also been shown that
is it possible to look at processes occurring in the gas and
particulate phases. Furthermore, by adjusting the sam-
pling time, it will be possible to adjust the resolution ac-
cordingly.

In continuing the development of the CEML system,
and building on the work carried out to date, investigation
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wil] continue by widening the range of elements under in-
vestigation and identifying the best emission lines for use
with this instrument, for the unusual sample matrix of a
zas which has significantly variable bulk composition. In
doing this not only will the quality of the information ob-
dined from the system improve but also knowledge will
%e gained that will be beneficial in developing the system
further. This will lead to the validation of the method, and
the demonstration of accuracy and reproducibility by com-
parison with approved analysis methods.
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Appendix 2: Analysis of MSW Incinerator Residues for
Metals by ICP-OES

1.1 Introduction
This analytical method describes the preparation and analysis of solid residues

remaining from municipal solid waste for heavy metals by ICP-OES.

1.2 Sample Preparation

Reagents, Materials and Equipment
The following materials were used in the preparation and analysis of samples:

e High purity distilled or deionised water

e Metal stock solution of 20 pg/ml (in 2 % HNO;, prepared from the nitrate,).
Used in the preparation of calibration standards

e Alternative stock 20 pg/ml metal calibration standard (Bernd Kraft GmbH
Salze & Losungen, Duisburg, Germany)

e High purity nitric acid (69% (m/v)) Aristar grade (Merck/BDH, Merck House,
Poole, Dorset, UK).

e High purity hydrochloric acid (70% (m/v)) Aristar grade (Merck/BDH, Merck
House, Poole, Dorset, UK).

e Graduated 15 or 50 ml test tubes (Sarstedt Ltd, 68 Boston Road, Beaumont
Leys, Leicester, UK).

¢ Teflon beakers(SLS, Ruddington Lane Nottingham, UK).

o Cross-beater rotary mill (Model 16-150, Glen Creston Ltd, Middlesex,
England)

e Thermal 6-Sample Digester (Fisher Scientific, Loughborough, UK).

e 4-figure digital electronic balance.

e ICP-OES (Spectro Ciros CCD)

Pre-Preparation of Laboratory Samples

The raw sample is thoroughly mixed, coned and quartered, and divided into two equal
portions. Half of the sample is retained, with the other half being ground using a
cross-beater rotary mill (Model 16-150, Glen Creston Ltd, Middlesex, England), until
it is small enough to pass through a 0.5 mm mill mesh. For samples with a large initial
particle size, multiple milling stages may be required. The ground material is mixed,
and stored in sealed plastic containers. Laboratory sub-samples are taken in 50ml

polypropylene sample tubes for analytical purposes.

Preparation of Samples
Two strong acid digestion methods may be used, both of which are digestions using a

mixture of concentrated hydrochloric and nitric acids (aqua regia). The first is a
conventional thermal digestion, where the samples are boiled in the acid mixture in an
electrical heating unit. The second is a microwave-assisted sealed tube digestion,
which had the advantage of offering more “harsh” digestion conditions but is only

capable of using a smaller sample.
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Thermal Digestion
2.0 g samples of solid are weighed accurately on a 4-figure balance, and placed in the

acid-rinsed 350 ml pyrex tubes of a Biichi 6-Sample Digester (Fisher Scientific,
Loughborough, UK). 15ml of hydrochloric acid is added, followed by 7.5ml of nitric
acid, and the samples were boiled for 2 hours. The temperature is maintained such that
a reflux is maintained on the tube sides, which are air cooled, to conserve the sample
volume. The samples are periodically agitated, to ensure that the whole of the solid
sample is exposed to the acid mixture. If loss of acid volume is noted, further acid

may be added as required, after allowing the tubes to cool

Microwave Assisted Digestion
Samples are digested using an Anton Paar Multiwave 3000 microwave digester (Anton

Paar, Hertfordshire, UK). 8 samples were digested simultaneously. 0.5g of solid is
weighed accurately on a 4-figure balance, and placed in the acid-rinsed digestion
vessel. 6 ml of nitric acid is added, followed by 1ml of hydrochloric acid. The
samples are placed in the microwave, and were microwaved at 1400w, ramped linearly
from zero over 5 minutes, and held at full power for 20 minutes.

Sample Preparation for Analysis
Digested samples (from either digestion method) are allowed to cool, filtered or

centrifuged to remove or compact any insoluble material, and diluted to 50 m] with de-
ionised water. These samples are collected in 50ml polypropylene tubes, and stored at
room temperature prior to analysis by ICP-OES. For major constituents (e.g.
aluminium, calcium, sodium), 10-fold, 100-fold or even 1000-fold dilution of the
initial sample may be required, to obtain concentrations in the range measurable by the

instrument.
1.3 Sample Analysis

Instrumentation - ICP-OES

Metals are determined at the og_té{mum emission lines for the elements under
investigation using a Spectro Ciros" CCD ICP Atomic Emission Spectrometer with
radial viewing configuration. The sample introduction system consists of a Modified
Lichte nebuliser and a glass spray chamber. Main operating parameters are
(nominally): forward power, 1400 W; plasma gas flow, 12 I/min; auxiliary gas flow,
1.0 Vmin; nebuliser gas flow, 0.9 I/min. Samples, which are manually introduced, are
initially aspirated for 20 seconds at a relatively high pump speed (pump speed 4), and
then the system is stabilised for 20 seconds (pump speed 2, equating to ~ 2 ml/min)
prior to measurement. Data acquisition is based on measurement in the “quantification
mode” with simultaneous on and off peak measurement (for background correction).
The instrument determines signal integration times automatically and three replicate
measurements along with their mean are acquired for each sample solution.

1.4 Calibration

Standard Solutions
The following calibration standard solutions, outlined in the table below, are prepared

by serial dilutions of the stock solutions with appropriate additions of 10%HNO:.
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Table 1: Calibration standard solutions

calibration element concentration
standard (ng/ml)

1 0

2 10

3 100

4 500

5 1000

6 5000

7 10000

These standards are introduced into the ICP instrument to establish calibration curves.

ICP-AES Calibration
The calibration curves are constructed as the Element signal versus concentration and

expressed as y = mx + c, where y = Element emission in cps, x = Element
concentration and m is the calculated slope. A calibration curve is prepared before
analysis commences, and checked at the end of the analysis run.

Raw Data

Once prepared all samples are analysed by ICP-AES. Results are stored electronically
and in paper form.
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Appendix 3: Quantification of USN Transport Properties

Introduction

In normal analysis of liquids by ICP-OES, the exact efficiency and aerosol formation
parameters of the nebuliser do not need to be known, as it may reasonably be assumed
that the calibration standards and samples, all of which are liquids, are nebulised with
similar efficiency. However, in order to quantify gas-phase metal concentrations, the
gas-phase standard concentration arising from the introduction of liquid standards to
the nebuliser must be accurately known. This is achieved through a simple mass-
balance calculation on the device.

Calculation Procedure
There are three inputs to the nebuliser, and 3 outputs.

The inputs are of liquid calibration standard, flue gas, and nebuliser argon. The
outputs are an aerosol to the ICP, and spray chamber and condenser liquid waste.

The gross efficiency of aerosol production is simply calculated by determining the
mass of calibration standard consumed per unit time (which does not end up in either
waste stream), and dividing by the known gas flows through the ICP:

_ (Mass,; — Massg, —Mass,,, )

C
aer (Volume, +Volume )

Where
Caer is the aerosol concentration (mgm™)
Masscs is the mass of calibration standard used (mg)
Masssw is the mass of spray chamber waste produced (mg)
Masscw is the mass of condenser waste produced (mg)
Volumesg is the volume of sample gas flowing through the

nebuliser (m®)
and Volumex, is the volume of nebuliser argon flowing through

the nebuliser (m’)

Thus a gas-phase concentration of calibration standard solution is obtained, from
which the concentration of an individual metal is easily calculated from the proportion
of that metal in the standard (i.e. a 20 ppm standard has 20mg of metal in 10 000 000
mg of liquid and thus the aerosol concentration of metal is 2x10° lower than that of the
aerosol as a whole). Typically, when determining aerosol density experimentally, 3
repeat measurements are made, each lasting 5-10 minutes, to improve the calculation
accuracy, as the nebuliser efficiency can vary somewhat over time, and varying
transport of liquid wastes out of the nebuliser can affect the mass-balance values
obtained.

Although this calculation can be perfectly acceptable ordinarily, it does not account for
the fact that the nebulisation efficiencies of the metals in a standard solution can be
markedly different from that of the carrier solution itself. Thus improved accuracy
may be obtained if the wastes obtained are analysed by ICP-OES, and the mass
balance for metals, rather than total solution mass, is obtained. Although a more

Page 280



involved and lengthy process, this has been found to be worthwhile, with the basic
calculation remaining the same, only with the concentration of metals in the wastes
being quantified. This is the method used in the results reported in the thesis.
Efficiencies actually vary a little from metal to metal, but an average for all analytes is
usually used.
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Appendix 4: Quantification of Sampling System Transport

Properties

Background
In all analytical systems the collection and preparation of the sample is the key to the

delivering accurate and reproducible results. The taking of gas samples is difficult for
several reasons, not least of which are the effects of temperature and pressure on the
sample volume. There was therefore a need to characterise the sample line and
understand the sampling process used in the CEML.

In the original instrumental configuration for the CEML, a needle-valved, flow meter
was located between the primary pump and the secondary sampling head. Initial
investigations showed that if the flow meter was set to 100L min”, the flow at the
sample point would read 20-30L min™'. This apparent anomaly has led to a study of the
heated sample line, in an attempt to understand the mechanisms that are involved in the
sampling process. The following section will show, however, that this is not an
anomalous measurement, but is a function of the physical properties of the gases.

Theory
The sample collection system for the CEML is shown in Figure 1. The values shown

are typical for the system in whilst connected to the test rig at the Harpur Hill Research
Station in Buxton. At the test site the typical temperature of the flue gas at the
sampling point is 300-500°C, whereas at a MSW incinerator, the temperature would
typically be 130°C.

Primary Sample Puvmp

r/ } S To vemt

T: 343K l_\':_l

v=110L
Large Volume Flow Meler

Secon dary Sample Pump

T: 423K /{
Ll =] [ Te ICP-OES

T:298K
V=025L

b N

Chimn ey .mne—n-xﬂm- id.

Stainless Steel Sample Prabe - 2m

Figure 1: Schematic diagram showing the sample collection system with flow and temperature
measurement points
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Conservation of Matter

In a closed system, matter cannot be created or destroyed. In this system, a constant
mass of matter enters and leaves the system per unit time. However, as we shall see,
the volume of the matter need not remain constant, as temperature and pressure
change, and this has an effect on the amount of matter taken at the point of secondary

sampling.

Charles’s law: V a T (at constant pressure)

When a gas is heated, it increases in volume in proportion to its temperature. When
the flow was measured at the sampling end of the sample line, the furnace was off, and
ambient air was used as the sample gas. Thus when the gas was heated within the
sampling line, expansion occurs. Therefore, when the flow rate (i.e. volume of flow
per unit time) was measured inside the CEML, at 70°C, the value had increased from
that measured at the start of the sample line.

Boyle’s Law: pa 1/V

Although both the sample inlet and exhausts are subject to the same atmospheric
pressure, a reduced pressure is experienced in the pipe at the CEML end, due to the
effect of the primary pump, and the resistance to flow caused by the length of the

sampling pipe.

The Combined Gas Law:

Illustrative Calculation

The theory was tested by measuring temperature and volume at both the sample probe
tip and at the CEML flow meter, when the probe was sampling ambient air.

124 ___Psz
nl, nlT,

1 = Sample Probe flow meter measurements
2 = CEML Flow meter measurements

p1 (Pressure sample probe) =1 atm (assumed)

p2 (Pressure CEML Flow Meter) =0.944 atm

(measured at secondary sampling head, equivalent to 2.05” Hg below atmospheric)
Ty (Temp sample probe) =11°C=284K,

T, (Temp CEML Flow Meter) =~70°C =343 K,

V1 (Volume sample probe) (per unit time) =65L
n = constant, so eliminates from calculation

1*65 _ 0.944x
284 343
1*65%343 _
284 %0.944
x=83L

The value obtained, 83 L min™ (calculated), indicates an expansion of the gas between
collection at ambient temperature, and measurement in the cabin following heating of
the gas, and subjection to a slight vacuum. However, the variation between measured
(110L min™") and calculated (83 L min™) flow rates, indicates that the measurements
and theory presented so far do not fully explain the observed phenomenon of apparent

gas expansion.
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Rotameter Measurement Density, Temperature and Pressure Correction

The flow meters used were designed to work for specific gases under specified
temperatures and pressures, which were not always the same as measurement
conditions. If measurements are made other that at Atmospheric Temperature and
Pressure (ATP), the standard conditions specified, then mathematical corrections must
be made for the measurement of a different gas from the one specified for the device,
and for measurements at different temperatures and pressures.

£

F true = A’;?S'G

Where Fine is the true flow rate (L min’ ) at the temperature and pressure measured,
Fmeas, G 1S the measured flow rate (L min ) for a specific gas rotameter under those
conditions, and K is a “sizing factor” evaluated as follows:

L P
P 2 T std
Where R is the relative density of the measured gas (relative to air), T, and P, are the
Temperature and Pressure of the gas as measured respectively, and Pqq and Tqq are the

standard specified measurement conditions for the rotameter in question, usually 1.013
Bar and 293 K.

K=_|R

It will be noted that the expression includes the temperature and pressure corrections as
in our previous calculations, and also a density correction not yet considered. These
equations were used to calculate the actual flow rate encountered at the measurement
points, which gave rise to the observed measurements. The results were also
standardised to ATP, to see what the standardised “true” flow at the two measurement
locations would be. The results are summarised in Table 1.

Table 1: Flow parameters at different points in the CEML sampling system

measured temp sizing factor Actual flow
flow rate pressure sizing factor relative  Tpes corrected flow of gas of gas at ATP
location (L min") Pp.,, (atm) correction, K density, R (K) (L min™)s (L min™)
pumpend 110 0.944 1.121 1 343 98.14 78.13
probe end 65 1.013 0.838 0.725 284 77.54 80.00

Thus it can be seen that observed measurements of flow of 65 L mm ! atmospheric
temperature air (measured with an argon flow meter), and 110 L min"' (measured with
an air flow meter at about 70°C) are entirely consistent with one another,
corresponding to the same “absolute” flow. An agreement of 97% is obtained between
the two measurements for the absolute flow at ATP, which is reasonable, given the
error associated with the measurements (typically 2%), due to fluctuations in both flow

and temperature.

Nevertheless, in this example it is seen that an expansion of 27% of the actual volume
of sample gas does indeed occur between the start and end of the sample line when
measuring ambient air. This would account for a drop in measured concentration of an
analyte of about 30%, if the flue gases were at ambient temperature when sampled, and
the conditions in the secondary sampling head were the same as those measured at the

rotameter.
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Gas Volume Correction under Measurement Conditions

Thus the question arises as to what changes in sample volume are occurring between
flue sampling point, secondary sampling, and ICP measurement, when measurements
are being made. An extensive study of the temperature, pressure and volume profile of
the sampling system was undertaken, the results of which are shown in Figure 1. In
this situation, where the sample removed from the flue is at higher temperature and
pressure than at the point of removal of the secondary sample, there is a fall in sample
volume between collection and secondary sampling, and so an effective pre-
concentration of analyte concentration per unit volume. Again, the sample removed
from the secondary sampling device is at a higher temperature than that reaching the
ICP, so there is further effective pre-concentration in the secondary sampling line. The
effects on sample volume are summarised in Table 2.

Table 2: Sample line volume corrections for Buxton furnace measurements

measured pressure R, temp. corrected actual flow

flow rate Ppea sizing relative. Tyess flow at ATP enrichment
location (L min') (atm) factor, K density (K) (L min') (L min') factor
flue 208 L 1.013 124 073 623 168L 9L
secondary sampling 130 L 0.944 1.06 0.73 423 123L 9L 1.37

secondary sampling240 mL  0.944 1.06 073 423 226mL 146 mL
secondary pump 150 mL 1013 101 1.00 298 149mL 146 mL 1.52

Conclusion

Using the combined gas law, with measurement correction factors for gas temperature
and density, it is possible to determine accurately the volume of gas being sampled and
thus provide essential information for the calculation of the metal concentration of the
sample. Apparent anomalies can be explained using physical laws.

Previously, under our standard measurement conditions at the Buxton research site, a
sample line volume correction factor (enrichment) of 0.355 was calculated, using the
combined gas law alone, without measurement correction factors. Along with the
known dilution of the gas sample with argon in the nebuliser, a factor of 5.83, a total
sample volume correction factor (dilution) for gas analysis was obtained, of 2.07,
indicating an expected two-fold drop in sensitivity between calibration and
measurements, due to the different sample parameters experienced. This figure is
dependent on sampling temperature, the speed setting of the secondary pump, and the
argon settings for nebuliser and additional flow on the ICP. Accordingly, if any of
these are modified, the sample correction factor must be re-evaluated.
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