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ABSTRACT: Precise estimation of metals in samples remains a challenge as a result of analytical biases and errors, which occur at sample
collection, preparation, and measurement stages. A poor understanding of the nature and occurrence of these errors further aggravates this
challenge. This study aimed at comparing the effectiveness of inductively coupled plasma (ICP) mass spectrometry (MS) and optical emission
spectrometry (OES) techniques in quantifying metals from contaminated soils of Roundhill landfill vicinity. Using statistical tools, the study
evaluated biases of the 2 methods. High coefficients of variation were realized for V, Cr, and Pb concentrations varied at various sampling sites.
Concentrations of elements obtained using the 2 methods had no significant differences using t-test analysis. Definitive agreement for the 2
methods was observed for V, Cr, Co, Ni, Cu, Zn, Sr, and Pb concentrations, whereas the concentrations of Mg, Ca, Ti, Mn, and Fe showed some
deviations in their regression lines. Spectral, systematic, memory, and carry over errors could be attributable to these deviations. The errors
promote chelation and adsorption of ions in samples to form insoluble compounds that cannot be quantified. Overall, ICP-MS had greater
sensitivity than ICP-OES in trace elements analysis compared with major elements.
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Introduction

Analytical biases and errors in metal analyses present in various
matrices (such as plants and soils) are important, yet less under-
stood and unrecognized aspects during assessment of pollution
in such environmental samples.! These limitations occur when
concentrations of same sample replicas differ when quantified
at different time intervals and using different techniques.>* A
number of causatives have been attributed to this phenomenon
including sample-matric chemistry, sample contamination at
the field or in the laboratory, and analytical bias and sensitivity
differences in used measurement techniques.>® Sediments and
soils have been reported as the most difficult environmental
samples to quantify for metal analysis using spectrometric
techniques.” The analysis difficulties are due to the complex
nature of soils, particularly its multi-elemental nature with
soluble and insoluble components>® and the matric effect often
associated with soils’ geographical location, lithologic and
anthropogenic factors.®® Soil matrices could change the nature
of plasma and result to spectral component interferences.>’
Matrix effects occur when absorptivity change, elemental dis-
tribution and ablated mass of same soil samples result in differ-
ent concentrations and signal responses during analysis.* These
effects often disrupt a soil’s speciation and composition and
ultimately the quantifiable elements in a given sample.>’
According to Woodard et al,” who assessed the accumulation
of metals in roadside soils of Franklin county (Massachusetts),

these limitations result to false negatives and positives, non-
detection, and overestimation of elements during analysis.’
Inductively coupled plasma optical emission spectrometry
(ICP-OES) also known as ICP-atomic emission spectroscopy
(AES) is vulnerable to errors that result from analytical pro-
cesses such as sample collection, preparation and storage, and
instrumental techniques.!® At collection and storage, analytical
errors result from adsorption of metal ions and their subse-
quent loss due to longer freezing periods, whereas in sample
preparation, cross-contamination is a likely occurrence.?311
Errors that occur during measurement could be due to sample
composition and result in isobaric interferences.!! A review by
Hoenig!? on the considerations made during analyses of envi-
ronmental (soils, sediments, plants, food, and animal) samples
highlighted the need to understand these errors as a prelimi-
nary counter measure. Velitchkova et al'3 applied the Q-concept
to quantify spectral interferences and reported ICP-OES vul-
nerable to background enhancements of the spectrum for ele-
ments identified between 200 and 320nm wavelengths. The
interferences are pronounced when linear plotting of calibra-
tion curves is done, which affects resultant intercepts.!"13 In
soil analyses using ICP-OES, it is even more difficult to assess
the magnitude and type of interference due to its complex
nature.”>’ Specific metal analysis using ICP-OES has con-
firmed the presence of such errors as reported in a metal analy-

sis of soils from Wyoming, USA."* An analysis of cadmium
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using ICP-OES was deemed as inaccurate due to spectral
interferences that caused overestimation and non-detection in
some cases.® Similarly, Velitchkova et al'3 reported the presence
of spectral interferences when assaying for arsenic, mercury,
selenium, and titanium in Bulgarian soils using ICP-OES.

On the other hand, ICP-mass spectrometry (ICP-MS) has
been used as an alternative to ICP-OES due to its high sensi-
tivity and analytical precision.’%>1315 However, it is not free
from analytical errors such as matric complex effect and drift
errors.!! In the latter, errors result due to changing responses of
ICP-MS equipment with concentration changes and time as
its ambient temperature fluctuates.!! Drift errors decrease the
sensitivity of the equipment resulting in under- and overesti-
mation of analytes and is dependent on the matrix.!3 In com-
plex analytes such as sediments, plants, and soils, these errors
lead to faulty sample transport and affect the total analyte
recovery and yield particularly in major elements that are in
high concentrations.»1¢ Matrix complex effect of ICP-MS, on
the other hand, suppresses the analyte, but it can be eliminated
by matrix-matching their standards and unknowns.!® Although
detection capacities of ICP-MS are in most cases superior to
ICP-OES to the tune of 3 orders, they could be too high for
some soil matrices whose metal composition has been enhanced
by anthropogenic and lithologic processes.!® The errors associ-
ated with solvent and concomitant species’ matrix effect, insuf-
ficient sample introduction, and in some case spectral
interferences reduce ICP-MS’s effectiveness in trace metal
analysis of complex environmental samples such as soils.!¢

Therefore, ICP-MS and ICP-OES have divergent strengths
and weaknesses in analyses of trace elements as observed from
comparative studies. For instance, a soil analysis by Franklin
et al’® in South Carolina deemed ICP-OES results of Cd to be
erroneous compared with ICP-MS, whereas those of Al, Be,
Co,Li,Ni, Ru, V,and Zn were comparable. At near background
level, soil Cd levels could not be determined accurately with
ICP-OES and gave unreliable values compared with ICP-MS.5
ICP-OES gave higher values of macronutrients such as P, K,
and Mg compared with ICP-MS in a comparative analysis of
wood ashes in France.l” ICP-OES was reported as a superior
analytical technique for major elements in oysters from Lake
Charles (USA) compared with ICP-MS that was complex and
required serial dilution of samples although it had better results
for rare trace elements.!’® Cr, Ni, Cu, Zn, Cd, and Pb levels
obtained with the 2 techniques had acceptable linearity and a
t-criterion technique did not show any significant differences
for all samples.?” In light of differences in these comparative
studies and with the site-specific nature of environmental
matrices, the current study sought to (1) assess the comparative
effectiveness of 2 spectrometry techniques in multi-element
analysis of landfill contaminated soils and (2) quantify result-
ant biases and errors using statistical tools to get an in-depth
understanding of their sources. This study hypothesized that
ICP-MS and ICP-OES are effective methods for determining
metal concentrations in soils.
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Materials and Methods
Soil sampling and processing

Soils were sampled from Roundhill landfill located in South
Africa’s Eastern Cape province at Buffalo City Municipality
(longitude 27°37'26.20"E, latitude 32°53'13.66"S) as shown in
Figure 1A and B. The area has a gentle slope (3.5%), was previ-
ously used as grazing land, and is located between Buffalo river
and Nahoon river catchments and near a national road.2’ The
area is characterized as Jurassic age dykes, dolerite sheets, and
Karoo sequence of sediments.? Location of the landfill is in an
area with positive water balance and can generate leachate.
Ground water potential of the area is low with a >40-m depth
and borehole yields of <1L/s. Soil profile has O, A, B, C, and
R horizons comprising scrub vegetation, silty-sand, clay, and
rocky layers as shown in Figure 1D.?! The landfill receives
more than 500 tons of waste daily, which includes domestic
waste, plastics, papers, ash, metal scrap, used tires, building, and
construction waste.?! Soils were collected from 9 sampling sites
based on their location from the landfill facility and at 3 differ-
ent soil depths: 30, 60, and 100 cm for comparative assessment
of pollution (Figure 1C). These depths were selected as they
fall under the surface and subsurface horizons that are vulner-
able to leachate infiltration unlike the substratum and bedrock
that are undulated.?® A GPS was used to locate the sampling
sites and soils were collected using an auger and emptied in
plastic bags for transportation. They were oven dried at 105°C
for 12 hours and stored for analysis of metals including Mg, Ca,
Ti, V, Cr, Mn, Fe, Co, Cu, Zn, Sr, and Pb.

Microwave acid digestion

Soil samples to be analyzed by ICP-MS and ICP-OES require
acid digestion to ensure metal dissolution and extraction. This
study used the EPA method 3051A to digest soil samples in a
microwave.?? This aqua regia technique does not dissolve sam-
ples in totality but decomposes them to separate soluble ele-
ments from insoluble silicate matrix, hence lowering the
detection limits of analytes and dissolved solid concentrations.1®
In this case, 1g of dry soil that was pre-passed through a 2-mm
sieve was dissolved in 1mL hydrogen peroxide, 2mL hydro-
chloric acid, and 9 mL nitric acid in a Teflon vessel and allowed
to react for 5 min before sealing it. The vessels were transferred
to a vessel liner and heated at 180°C for 5.5 minutes before
holding for 9.5min and thereafter cooling them. The digested
content was then emptied to a plastic container, labeled and
stored at 4°C for analysis. A total of 100 pL of each of the 27
sample digestates were drawn and diluted to 10mL using

deionized water for analysis in both ICP-OES and ICP-MS.

Calibration

Calibration that involves generation of linear responses
between a particular element’s concentration and ICP-MS/
OES instrument was done using a set of standards and blanks
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Figure 1. Description of the study area showing (A) map of South Africa, (B) the Buffalo city municipality, (C) the sampling sites, and (D) the description

of area soil profile.

made using deionized water and reagents (HNO,;, HCL, H,0,)
used in microwave acid digestion. In ICP-OES, a matrix-
matched solution of 1% nitric acid was used as the calibration
solution and calibration concentrations ranged from 0 to 5 ppm
for all analyzed elements. Standards used in preparing the cali-
bration curve include 0, 0.1, 0.25, 0.75, 1, 2.5, and 5ppm as
described by Taylor'® and Hoenig.”> In ICP-MS analysis,
multi-element standard of high purity in 1% nitric acid was
used as the calibration solution. The calibration curve covered
0 to 100 ppb for all analyzed elements. Standards to prepare
the calibration equation had 0, 10, 25, 50, 75, and 100 ppb con-
centrations. Internal standards were spiked in calibration solu-
tion, blanks, and samples to serve as ionization buffers and
monitor effects on analytes during calibration. For ICP-OES,
Y and Cs were the internal standards unlike ICP-MS that used
a combination of Bi, In,” Li, Sc, Y, and Tb standards.!$

Instrumentation

The Agilent 7500ce ICP-MS and the PQ_9000 Elite ICP-
OES were used for this analysis. The main parts of the instru-
ments are shown in Figures 2 and 3. ICP-OES (Figure 2) has
a carrier gas tube and a torch made of a quartz tube and con-
nected to a radio-frequency (RF) generator. Argon is intro-
duced to the torch and RF is applied to create a magnetic field
and produce ions and electrons. The resultant current flow
heats the gas so that once sample introduction is done via the
nebulizer, it is converted to aerosol and directed to the torch.10-18
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Light emitted by atoms of metals from samples in plasma is
converted to quantifiable electrical signals.

ICP-MS (Figure 3) comprises an ion source (ICP) and an
interface system with sampling, pumping and skimming cores,
ions lens, a detector, and MS.16 Samples are introduced through
the injection system and converted to ions under high tem-
peratures and low pressure. Using a quadrupole system, metal
elements are detected under high sensitivity through a peak
hopping system to quantities below parts per billion.!®

Digested soils samples were filtered, diluted, and assayed
using the 2 instruments. After analysis, the final concentrations
of each element were determined using equation 1:

Metal concentration (mg/kg)
ICP —MS/ICP — OES concentration

_ xdigestate volume x dilution factor

1)

Weight of digested sample

where ICP means inductively coupled plasma, MS and OES
represent mass spectrometry and optical emission spectrome-
try, respectively.

Statistical analysis

Three methods were used to compare concentrations of metals
obtained by both ICP-OES and ICP-MS: (1) coefficient of
variation (CV), (2) # test, and (3) linear regression analysis. CV
calculated as a percentage ratio between the SD and means of
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Figure 3. Schematic of a typical ICP-MS system. ICP-MS indicates inductively coupled plasma mass spectrometry; ETF, electro-thermal vaporization;
FIA-HG, flow injection analysis-hydride generation; RF power, radio-frequency power.16.18

the various elements. The method has been used to compare
spread and variability of concentrations determined by spec-
trometry methods.! A 7 test, which assumed equal variances
assessed any significant differences of mean concentrations
obtained from the 2 methods by comparing their tabulated ¢
value with that of 95% significance level. Ahmed et al®® and
Maliki et al?* did a similar statistical manipulation to compare
metal analysis by different techniques. Linear regression analy-
sis was used to correlate results of the 2 methods. Such com-
parisons have been used to compare results of metal analysis as
documented by Helaluddin et al,?® Han et al,® and Sneddon
and Vincent.'® Resultant regression equations were assessed for
any deviations from definitive relationships (y=x) and R? val-
ues of 0.7 and above were deemed as acceptable relationships of
the methods.?”
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Results and Discussion
Soil properties
ICP-OES and ICP-MS results were compared using descrip-

tive statistics as shown in Table 1. Fe levels were the highest
compared with other elements. The local geology comprising
dolerite sheets that are rich in Fe explain the observed trend.?
Means of most elements determined by ICP-OES were higher
compared with ICP-MS. Standard deviation values of the 2
methods were high and depicted great dispersion of concentra-
tions in the various soil sampling sites for all elements.

CV analysis

The percentage CV values of various elements are shown in

Table 2. CV values for V, Cr, and Pb were above 100% because
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Table 1. Comparison of ICP-OES and ICP-MS results of metal concentrations in soil extracts using their means and standard deviation.

VARIABLE ICP-OES MEAN (MG/KG) SD ICP-MS MEAN SD

Mg 6787.8 2721.4 6215.3 2166.7
Ca 13728.3 12301.9 10547.6 11913.8
Ti 9783.7 3697.1 9651.6 3708.5
\Y 436.6 440 435.6 439.7
Cr 1337.7 1375.4 1335.1 1374.8
Mn 16401.3 11114.9 8991.5 9673.9
Fe 174755.8 45006.5 155268 42093
Co 453 408.4 481.6 438.5
Ni 356.9 188.3 354.3 188.2
Cu 2247 108.3 219.4 104.5
Zn 160 11241 159.7 1121
Sr 181.2 134.2 179.9 134.6
Pb 46.3 64.9 46.1 64.9
Minimum 46.3 64.9 46.1 64.9
Maximum 174755.8 45006.5 155268 42093

Abbreviations: ICP, inductively coupled plasma; MS, mass spectrometry: OES, optical emission spectrometry.

their SD exceeded the mean. These observations rendered the Table 2. CV values of various elements analyzed by ICP-OES and

mean meaningless considering the high dispersion around it ICP-MS.
and are attributable to the huge variation in the data set as VARIABLE CV% (ICP-OES) CV% (ICP-MS)
well as a number of inherent interferences for specific ele-
ments during analysis. According to Paya-Perez et al,’ inher- Mg 401 34.9
ent interferences of some elements such as Zn were Ca 89.6 112.9
attributable to CV values greater than 100% in a comparative T 7.8 38.4
ICP-MS and ICP-OES study on soil pollution in Abardeen,
UK. Zhao et al?® suggested that soil’s complex nature could be v 1008 101
the reason for CV values of beyond 100% for Ni and Cr in Cr 102.8 103
Chinese soil-rice systems using atomic spectroscopy. In both

) ! : Mn 67.8 107.6
analytical techniques, CV values of T and Fe were the lowest,
whereas values of Co, Zn, Ni, and Sr were relatively the same, Fe 25.8 271
which could infer to the ability of the 2 techniques to quan- Co 90.2 91.1
tify these elements precisely. Mean concentrations, SD, and .
CV values of Mn and Ca showed significant differences that Ni 528 531
point to ICP-OES having better precision to analyze the ele- Cu 48.2 47.6
ments compared with ICP-MS. This could be because of the 7n 704 70.2
latter’s high sensitivity to trace element detection in low con-
centrations compared with major elements like Mn and Ca ST 741 4.8
unless higher dilution factors are applied. Sneddon and Pb 140.2 140.6

Vincent!® agreed with these suggestions claiming that o N o , )
Abbreviations: CV, coefficient of variation; ICP, inductively coupled plasma; MS,

ICP-MS is preferable if elements in SpeCiﬁC extracts are mass spectrometry: OES, optical emission spectrometry.

expected in low amounts compared with ICP-OES that can

detect higher amounts without sample dilution. Furthermore,
CV differences of Mn and Ca could be due to ICP-MS’s vul-
nerability to drift effects, which lead to faulty sample uptake
and subsequent underestimation of elemental concentrations
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compared with ICP-OES. Murpy and Vetter!! reported a
similar tendency of the equipment in a comparative analysis
of Cd levels in dietary supplements and breakfast cereals
using the 2 methods.
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Table 3. Results of t-test comparing ICP-OES and ICP-MS means of various elements.

VARIABLE MG (7. TI \Y CR MN
P value 0.4 0.34 0.08 0.98 0.99 0.01
Abbreviations:
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Figure 4. Regression results for ICP-MS and ICP-OES for (A) Mg, (B) Ca (C) Ti, and (D) V. ICP-MS indicates inductively coupled plasma mass
spectrometry; ICP-OES, inductively coupled plasma optical emission spectrometry.

t-test analysis

The mean concentrations of various elements for the 2 tech-
niques were compared using #-test (a=0.05) as shown in
Table 3. This method has been used in comparative analysis of
methods for metals analyses as documented by Maliki et al** in
a comparative study of XRF and ICP-MS for Pb analysis.
Similarly, Nardi et al?” used the method to compare metals in
foods using ICP-MS and atomic absorption spectroscopy (AAS)
techniques. The Pvalues of assayed metals showed no significant
differences in the means of all elements and explained the close
CV values of most elements (Table 2). Observed results could be
attributable to the effectiveness of the 2 methods in elemental
analysis as McBride,” Gorecka et al,'” and Paya-perez et al'
reported in comparative analyses of trace elements in wood
ashes, soil extracts, and sediments, respectively.

Linear regression analysis

Results showing comparison of the 2 methods using linear
regression are presented in Figures 4 to 7. V, Cr, Co, Ni, Cu,
Zn, Sr,and Pb had almost ideal linear (y=x) relationships with
R2 values of 0.9999, 0.9997, 0.9831, 0.939, 0.9327, 0.9998,
0.9867,and 0.9992, respectively. The results confirmed a defin-
itive agreement in concentrations obtained from the 2 methods
and confirmed their reasonable recoveries and yields in metal
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analyses as Han et al?® who analyzed both plants and soils from
Starkville plains of Mississippi (USA) using the 2 methods
suggested. Similarly, a metal analysis in oysters by Sneddon and
Vincent!® reported high agreement of concentrations from the
2 techniques. Paya-Perez et al'” recommended the methods as
fast and have good precision and reproducibility in a compara-
tive study using contaminated soils from Aberdeen, UK.

Ca, Mg, Ti, Fe, and Mn concentrations showed high agree-
ment with R? values of 0.8069, 0.8967, 0.8593. 0.8873, and
0.8907, respectively. Although there was a high degree of
agreement, their regression lines showed some deviations and
substantial scatter despite the fact that similar soil digestants
were used to overcome errors of subsample heterogeneity.
Overall, all quantified metal concentrations did not exhibit
extreme deviations from the correlation line. This observation
pointed to interferences and inherent errors of ICP-OES and
ICP-MS spectrometric techniques as the causes of observed
deviations. A study by McBride® that assessed the levels of Cd
in agricultural soils of New York (USA) reported bias after
regressing concentrations of the 2 methods and attributed it to
systematic errors, elemental and matric interferences.

Sneddon and Vincent'® confirmed that spectral interfer-
ences lower concentrations by inducing elemental adsorption
and co-precipitation in quantifiable samples. Velitchkova et al'3

added that quantifying Mg, Ca, Tj, and Fe using ICP-OES is
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vulnerable to overlap interferences arising from spectrum back-
ground enhancement and influences the accuracy of trace ele-
ments. Bias in the 2 methods could also be a result of acid
matrix interference when preparing reference and blank solu-
tions and line interferences considering that the analysis was
multi-elemental. Such interferences lead to inaccuracies in
concentration and detection limits determination of trace met-
als as they affect their hydroxide and oxide ions leading to
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cohesion.?30 Helaluddin et al® attributed these biases in
quantifying metal elements using the 2 methods to spectral
chemical and sample throughput interferences that lead to
sample precipitation and are more pronounced in ICP-OES
compared with ICP-MS.

The accuracy of determining rare trace elements (V, Cr, Pb)
using the 2 methods is higher compared with common metal ele-
ments (Mg, Ca, T, Fe,and Mn). This could be attributable to the
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Figure 7. Regression results for ICP-MS and ICP-OES for (A) Sr and (B) Pb.

inductively coupled plasma optical emission spectrometry.
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limitations in both techniques whereby ICP-MS is highly sensi-
tive with detection limits of parts per trillion (ppt) and hence
requires sample dilution to prevent multiplicative interferences,
whereas ICP-OES has detection limits of ppb and dilution is not
compulsory.'® The use of similar samples for uniformity in the 2
methods could have induced multiplicative interferences for
ICP-MS, hence the observed bias. Detection limits of the 2
methods could explain the high linearity for the rare trace ele-
ments that were within the ppb-ppt range compared with major
elements such as Fe, Mn, and Ti whose concentrations in the case
of ICP-MS quantification were high. Ammerman et al®! also
agreed with these suggestions claiming that ICP-MS is highly
sensitive to trace elements and may not be suited for major ele-
ments such as Mg, Al, Ca, and Fe found in high concentrations
in soils unlike ICP-OES, unless sample dilution is done prior to
analysis. Bias in the 2 methods could also be a result of memory
and carry-over effects where some elements adhere on the spray
chamber wall and in the sample introduction system during anal-
ysis deterring reproducible and accurate analysis. In a soil and
plant metals by Han et al?® using ICP-OES, these effects reduced
Hg concentrations unless standards, blanks, and samples were
spiked with gold to preserve the element in solution form. The
complex nature of soils particularly the presence of polyatomic
anions and halides, which induce formation of poorly soluble
oxides and hydroxides by metals, was blamed for biased ICP-MS
analysis characterized by metal chelation, concentration underes-
timation, and memory effects.3?

This study demonstrates the possibilities that ICP-MS and
ICP-OES offer in elemental analysis research work. Although
there was ideal agreement in correlation plots of the 2 meth-
ods, ICP-MS was the superior method owing to its precision,
high sensitivity, and ability to reduce poly-elemental spectral
interference through peak hopping. A comparative trace ele-
ment analysis in water samples from Swarzedzkie region of
Poland found the method to have better precision compared
with ICP-OES.33 A soil analysis in New York state reported
that ICP-MS is highly sensitive to Cd at near background
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levels compared with ICP-OES that is vulnerable to spectral
interferences.” The ability of ICP-MS to reach lower limits of
quantification in V and Ni assessment from crude oil in
Chevron, California, confirmed its superiority compared with

ICP-OES.3#

Conclusions

This study confirmed that spectrometric techniques are effec-
tive tools for metal analysis in complex matrices such as soils.
Reproducibility of ICP-OES and ICP-MS for V, Cr, Co, Ni,
Cu, Zn, Sr, and Pb analysis was definitive compared with Mn,
Ti, Ca, Fe, and Mg that was high but showed deviations in
their regression lines. The multi-element nature of soils char-
acterized by chelation of ions to form insoluble compounds
was attributable to resultant analytical bias and errors. ICP-
OES was vulnerable to systematic, spectral, and throughput
interferences unlike ICP-MS that was prone to multiplicative
and drift errors. Inherent equipment errors could have resulted
to low sample uptake, poor recoveries, under- and overestima-
tion of concentrations. Statistical analysis however did not
show any significant differences in the mean concentrations
obtained using the 2 methods for all elements. Specific
strengths of each analytical technique can be adopted to ensure
holistic and precise analysis of metals in complex matrices such
as soils. High precision and sensitivity of ICP-MS proved that
it is a superior technique compared with ICP-OES.
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