
Analytical
Methods

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Fe

br
ua

ry
 2

02
3.

 D
ow

nl
oa

de
d 

on
 7

/2
9/

20
24

 9
:2

8:
31

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
An environmenta
aDepartamento de Qúımica Anaĺıtica y Aná
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lly friendly approach for the
characterization of construction materials:
determination of trace, minor, and major elements
by slurry sampling high-resolution continuum
source graphite furnace atomic absorption
spectrometry†

Beatriz Gómez-Nieto, *a Carmen Isabel-Cabrera,a Maŕıa Jesús Gismera, a

Maŕıa Teresa Sevilla,a Jesús R. Procopioa and Maŕıa Isabel Sánchez de Rojasb

A slurry sampling method was developed for the fast determination of Pb, Ni, Fe, and Mn in construction

materials by high-resolution continuum source graphite furnace atomic absorption spectrometry (HR-CS

GFAAS). For sample introduction into the GF, stable slurries were prepared by sonicating 10 mg of ground

solid sample in 10.0 mL of 1% (v/v) Triton X-100 and 1% (v/v) HNO3 solution for 1.0 min. The determination

of the four elements was carried out in three measurement runs, with Ni and Fe being determined

simultaneously. The HR-CS GFAAS measurements were performed using analytical lines with adequate

sensitivity, considering the content of each element in the material: Pb at 283.306 nm (42%), Mn at

403.080 nm (6.7%), Ni at 232.003 nm (100%) and Fe at 232.036 nm (1.4%). The pyrolysis and atomization

temperatures and the use of chemical modifiers were optimized using both aqueous standards and slurry

samples. At optimal conditions, samples with concentrations of Pb from 1.5 to 80 mg g−1, Ni from 4.0 to 75

mg g−1, Mn from 2.0 to 600 mg g−1, and Fe from 0.15 to 60 mg g−1 could be determined using a unique

sample suspension. To assess the validity of the method, a fly ash certified reference material (CRM) was

analysed using the slurry sampling HR-CS GFAAS method; this CRM and the construction material samples

were also analysed by HR-CS GFAAS after the digestion of the samples. The obtained results using both

methods were statistically comparable (Student's paired t-test for two independent methods at a 95%

confidence level) demonstrating the suitability of the proposed method.
1. Introduction

The determination of metal and non-metal elements in
constructionmaterials, such as cement, ceramic bricks, mortars,
or concrete, is of great importance for monitoring the quality of
the products. Over the last few decades, research on the incor-
poration of different wastes (e.g., biomass ashes, construction,
and demolition wastes) as supplementary materials for
preparing more environmentally friendly concretes and mortars
has increased. This strategy for waste reuse appears to be a suit-
able alternative to limit the use of natural resources and reduce
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f Chemistry 2023
the environmental problems associated with landll disposal.
The waste materials should be characterized before their use
because some elements can inuence the properties of the
construction materials and/or have a negative environmental
effect.1–4 In this context, the development of fast, accurate, and
more environmentally friendly methods to determine different
elements in construction materials is of great interest to simplify
the analytical procedures to characterize these materials.

Inductively coupled plasma optical emission or mass spec-
trometry (ICP OES or ICP MS), and atomic absorption spec-
troscopy (AAS) with Flame or graphite furnace atomizers (FAAS
or GFAAS) are among the most widely used techniques for the
determination of elements in construction materials aer the
adequate pre-treatment of the sample and release of the target
analytes into solution.2–5 The digestion of construction mate-
rials is not an easy task and requires the use of toxic and
corrosive chemicals such as HNO3, HCl and/or HF, which is not
in accordance with the principles of green analytical
chemistry.6–9 In addition, this step is usually time-consuming
Anal. Methods, 2023, 15, 1105–1115 | 1105
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and increases the risk of sample contamination and/or analyte
loss. In this context, analytical methods based on the direct
analysis of solid samples are considered excellent alternatives.
Among them, methods based on X-ray Fluorescence (XRF) are
commonly used for the direct determination of minor and
major elements in construction materials but they present
limitations to determining elements at trace levels.4,10,11

GFAAS is a commonly used technique for determiningminor
and trace elements in liquid samples but it can also be used to
carry out direct measurements on solid or slurry samples.12–16

GFAAS methods for the direct analysis of solid samples have
undergone signicant development since the arrival of high-
resolution continuum source AA spectrometers (HR-CS AAS)
due to the higher background correction capability of these
instruments.17–19 Using these spectrometers, the main or
secondary absorption lines and the wings of the absorption
lines can be selected for the analytical measurements, and
therefore the sensitivity for each element can be adjusted to the
expected concentration level in the sample.20–22 The main
drawback of direct solid sampling GFAASmethods is the greater
imprecision compared to GFAAS methods with liquid sample
introduction due to the intrinsic inhomogeneity of solid
samples and the small amount of sample introduced into the
graphite tube for the analysis. This limitation can be reduced by
introducing the solid sample as a slurry since larger amounts of
the sample can be used to prepare the suspension. This
sampling approach combines the advantages of solid and liquid
sampling, reducing the analysis time, minimising the inherent
risk of contamination, and facilitating the sample introduction
into the GF atomizer.12 To ensure representative results in slurry
sampling GFAAS methods, homogeneous and stable suspen-
sions (at least for the time taken to carry out the GFAAS
measurements) must be prepared. Thus, factors that can
inuence the suspension stability, such as particle size, type of
dispersing media, sample mass to dispersant volume ratio, and
the mixing time and instrument used for their preparation,
must be optimized.12,13,16

This work aims to develop a new and more environmentally
friendly method for the determination of Ni, Pb, Fe, and Mn in
cement-based and ceramic-based construction materials by
slurry sampling HR-CS GFAAS. For this purpose, the slurry
preparation conditions were optimized, evaluating the param-
eters that can affect their stability, and the GFAAS measurement
conditions were established for the determination of the four
elements using a unique sample suspension. The method was
successfully applied to analyse different construction materials.
In our opinion, this new method based on HR-CS GFAAS could
be considered an interesting, reliable, and green analytical
approach for the direct and rapid determination of Pb, Ni, Mn,
and Fe elements present in construction materials at very
different concentration levels.

2. Experimental
2.1. Reagents and solutions

Ultrapure water (UPW) with a resistivity of 18.2 MU cm obtained
from a Milli-Q Direct water purication system (Merck
1106 | Anal. Methods, 2023, 15, 1105–1115
Millipore, Germany) was used throughout. Sodium dodecyl
sulphate (SDS), Triton X-100, and tetramethylammonium
hydroxide (TMAH) (Fluka, Switzerland) were evaluated as
dispersants for the preparation of the slurries. Trace analysis
grade hydrouoric acid of 47–51% (HF) (Fluka, Switzerland) and
nitric acid of 65% (HNO3) (Scharlau, Spain) were used to carry
out the microwave digestion of solid samples. HNO3 was also
used to prepare aqueous standard solutions and/or slurries. All
reagents were used as received without further purication.

Multi-element standard solutions of Pb, Ni, Fe, and Mn were
prepared from individual commercial 1.000 g L−1 standard
solutions for AAS (Scharlau, Spain). The standard solutions
were prepared daily by the adequate dilution of the stocks with
1% (v/v) HNO3 solution. A 1% (v/v) palladium (Pd) solution was
prepared by dilution with ultrapure water from a commercially
available Pd matrix modier solution of palladium nitrate
(Pd(NO3)2) of 10 g L−1 of Pd (Fluka, Switzerland). A commer-
cially available TraceCert® 1000 mg L−1 silicon standard solu-
tion for AAS (Sigma-Aldrich, Germany) was used to create the
SiO reference spectrum.

2.2. Samples and certied reference material

The 1633b certied reference material (CRM), trace elements
in coal y ash (National Institute of Standards and Tech-
nology, NIST, USA), was used to assess the validity of the
method. This material was available as a ne powder with
a particle size #90 mm.

The cement sample was a commercially available Ordinary
Portland Cement (OPC), (European Standard 197-1 CEM I/42.5R
cement) supplied by Lafarge (Spain). The ceramic material was
100% ceramic waste (CW) (Portland-Valderrivas, Spain) from
crushed and ground bricks and tiles. Different cement–mortar
samples were provided by the Recycling Materials Group of the
Department of Cement and Recycling Material (Eduardo Tor-
roja Institute for the Construction Sciences of CSIC), (Madrid,
Spain). Details on mortar preparation are included in the ESI.†
All samples were ground and sieved through a nylon sieve of 32
mm mesh size before slurry preparation.

2.3. Instrumentation

An analytical microbalance model AX205DR (Mettler Toledo,
Switzerland) with a sensitivity of ±0.01 mg was used for
weighing the solid samples or CRM. The slurries were prepared
using three different instruments: a Wizard IR Vortex mixer
(Velp Scientica, Italy), an Elma Sonic P30HS model ultrasonic
bath (ELMA, Germany) operated at 100% power and 80 kHz,
and a Sonopuls HD 2070 model ultrasonic homogenizer, 70 W,
20 kHz (Bandelin, Germany), equipped with a titaniummicrotip
of 2 mm in diameter, 195 mm in length and 253 mm in
maximumwidth. A Specord205 UV spectrophotometer (Analytik
Jena, Germany) and 10 mm PMMA UV grade cuvettes were used
for the transmittance measurements in the slurry stability
studies. Wet digestion of the solid samples was performed with
a microwave sample preparation system (Perkin Elmer-Anton
PAAR Multiwave, Austria) equipped with peruoroalkoxy (PFA)
MF 100 model digestion vessels.
This journal is © The Royal Society of Chemistry 2023
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Table 1 Optimized temperature program for Pb, Ni, Fe, and Mn
determination by HR-CS GFAAS

Stage Temperature (°C) Ramp (°C s−1) Hold time (s)

Drying 1 80 6 20
Drying 2 90 3 20
Drying 3 110 5 10
Pyrolysis 1 350 50 20
Pyrolysis 2 900 (Pb) 300 10

1200 (Ni and Fe)
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The determination of metals was performed with a ContrAA
700 HR-CS AA spectrometer (Analytik Jena, Germany). This
spectrometer is equipped with a transversely heated graphite
furnace atomization unit and an MPE 60 liquid furnace auto-
sampler (Analytik Jena, Germany). Pyrolytically coated pin-
platform graphite tubes (Part No. 407-A81.025, Analytik Jena,
Germany) were used in all measurements. High-purity argon
(Ar) (99.9992%) (Nippon Gases, Madrid, Spain) was used as the
purge and protective gas in all GFAAS measurements.
1400 (Mn)
Atomization 1900 (Pb) 1500 10

2500 (Ni and Fe)
2200 (Mn)

Cleaning 2450 (Pb) 500 5
2650(Ni and Fe)
2450 (Mn)
2.4. Procedures

All plastic and glassware used to prepare or store solutions and
slurry samples were cleaned by soaking in a 10% (v/v) HNO3

solution for at least 24 hours, and then they were thoroughly
rinsed with ultrapure water.

2.4.1. Slurry preparation and stability measurement
procedure. To prepare the slurries (in triplicate), approximately
10.00 mg of CRM, OPC, CW, or mortar samples were weighed
into cleaned Falcon tubes using the analytical microbalance.
Next, 10.0 mL of the selected dispersing agent was added with
a volumetric glass pipette, followed by mixing for 1.0 minute
using a vortex (3000 rpm), ultrasonic bath (100% power; 80
kHz), or ultrasonic probe (100% power; 20 kHz), yielding 0.1%
(w/v) suspensions. The stability of the slurries was monitored by
continuously measuring (0.5 s data acquisition time) the
transmittance percentage values (T%) at a wavelength of
310 nm for 10 minutes, using the solution used to disperse the
solid sample as a reference.

2.4.2. HR-CS GFAAS measurement procedure. The main
analytical line of Ni at 232.003 nm (100%) and the secondary
lines of Fe at 232.036 nm (1.4%), Pb at 283.306 nm (42%), and
Mn at 403.080 nm (6.7%) were selected for the determination
considering the expected concentrations of these elements in
the samples. Ni and Fe were simultaneously determined in the
same measurement run since the analytical lines of both
elements are within the wavelength interval that is covered by
the detector of the HR-CS AA spectrometer (approximately 0.2–
0.3 nm at 200 nm). GF measurement conditions (pyrolysis and
atomization temperatures), and the use of matrix modiers
were optimized using standard solutions and slurry samples.
For Pb determination, 5.0 mL of a 1% (v/v) Pd solution was used
as the matrix modier. The optimized GF temperature
programs used for the determination of each analyte are shown
in Table 1. Argon was used in all heating GFAAS stages at a ow
rate of 2.0 L min−1 except during the atomization step when the
gas ow was stopped.

The MPE 60 liquid furnace autosampler was used to inject
slurries of solid samples and standards onto the pin-platform
graphite tube and prepare the diluted standard solutions used
to obtain the calibration curves. To carry out the determination
of Ni, Fe, Mn, and Pb in the samples, approximately 1 mL of the
slurry was transferred into a clean autosampler cup immedi-
ately aer its preparation and automatically injected into the
graphite tube platform. An injection volume of 20 mL was
selected for the measurements of standards and samples. All
determinations were performed in triplicate.
This journal is © The Royal Society of Chemistry 2023
2.4.3. Procedure for microwave digestion. To validate the
direct slurry sampling method, all samples and the CRM were
digested in the microwave oven and analysed by HR-CS GFAAS.
For this purpose, about 25.00 mg of each sample were treated
with 4.0 mL of concentrated HNO3 and 0.20 mL of concentrated
HF in PFA digestion vessels. A power program with three steps
(250 W for 2 minutes; 450 W for 4 minutes; and 650 W for 30
minutes) was used with maximum temperature (300 °C) and
pressure (75 bars) control. Aer 30 minutes of cooling, the
digests were transferred into 25.0 mL plastic volumetric asks.
The digestion vessels were rinsed with ultrapure water, the
washes were added to the corresponding asks and diluted up
to the mark with ultrapure water. This procedure was carried
out in triplicate for each sample.

3. Results and discussion
3.1. Optimization of slurry preparation conditions

3.1.1. Selection of the dispersing medium. Dispersing
media reported for metal determination by slurry sampling
GFAAS usually consist of compounds with surfactant properties
with the addition of an acid, mainly HNO3 solutions due to its
high purity and lack of interferences.12,13,16–19 This combination
of reagents prevents the agglomeration and sedimentation of
the solid particles by forming repulsive layers around them and/
or produces a partial dissolution of the solid sample and the
extraction of metals. In general, the amount of metal extracted
from the solid sample increases as the concentration of HNO3

in the dispersing medium increases, but for too high acid
concentrations, a faster deterioration of the graphite tube used
for GFAAS measurement can also be observed. Thus, in this
work, a 1% (v/v) HNO3 solution was selected to prepare
dispersing media and carry out GFAAS measurements in the
slurry samples. Here, 0.1% (w/v) suspensions of OPC and CW
were prepared in 1% (v/v) HNO3 solution with or without the
addition of 1% (v/v) solution of a surfactant with cationic
(TMAH), nonionic (Triton X-100), or anionic (SDS) properties by
sonication for 1 minute in an ultrasonic bath. For comparison
purposes, slurries of both samples were also prepared in UPW.
Anal. Methods, 2023, 15, 1105–1115 | 1107
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Fig. 1 Mean values (n = 3) of transmittance percentage over time for
OPC (A) and CW (B) slurries with 0.10% of solid sample prepared in 1%
HNO3 (black), UPW (blue), 1% HNO3 and 1% Triton X-100 (green), 1%
HNO3 and 1% TMAH (pink), and 1% HNO3 and 1%SDS (red). Mixing
conditions: 1 minute in an ultrasonic bath (100% power; 80 kHz).
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The stability of these suspensions was studied as described in
Section 2.4.1. The % T values for OPC and CW slurries over the
measurement time are shown in Fig. 1. For each material, the
initial % T values in the assayed media are related to the
characteristics of the material (hardness, composition), particle
size, and the possible interaction/reaction with the dispersing
reagent in the conditions of the ultrasonic treatment. The rate
of increase of % T as a function of time indicates the stability of
the suspensions.

As seen in Fig. 1A and B, the initial % T value in UPW for OPC
(between 40 and 45%) was higher than that observed for the CW
suspension (about 5%), which could indicate a better disper-
sion of a higher amount of the solid for CW as compared to
OPC. For both materials, the initial % T values in 1% HNO3 are
higher than in UPW, and the variability in the initial % T values
(expressed as the relative standard deviation (RSD, %)) among
three replicates of suspensions in 1% HNO3 (between 5–10%)
was lower than that for replicates of suspensions in UPW
(around 15%). This increase in the initial % T is because HNO3

produces a partial solubilization of the material with a reduc-
tion of the particle size and, therefore, the characteristics of the
1108 | Anal. Methods, 2023, 15, 1105–1115
suspensions change. This effect was more pronounced in OPC,
a relatively soluble material in acid media, with an initial % T
greater than 80% for the suspension in 1% HNO3. Using the
mixed medium of 1% HNO3 + 1% TMAH, the characteristics of
the OPC and CW suspensions did not change signicantly as
compared to the suspensions prepared using UPW. However,
less reproducible suspensions were prepared using this
combination of reagents (RSD% > 20%). In 1% HNO3 + 1% SDS,
the initial % T value for the OPC suspension decreased to about
5%, whereas no signicant changes were observed for CW
suspensions. This decrease in the initial % T values of OPC
slurries indicates that the surfactant may prevent the solubili-
zation of the material by HNO3. However, inhomogeneous
suspensions with agglomerates of particles were observed with
the naked eye using this mixed medium and RSD% values
between 10–15% of the initial % T values were found, indicating
that unstable and irreproducible suspensions were prepared
using this combination of reagents. For OPC and CW suspen-
sions in the mixed medium 1% HNO3 + 1% Triton X-100, stable
and reproducible suspensions without signicant variation in
the % T values over the 10 minutes of study and with RSD%
values < 2.0% were obtained. Considering these results, this
medium was selected as optimal for preparing the OPC and CW
slurries for GFAAS measurements.

3.1.2. Selection of the system and conditions to prepare
the slurries. Three different systems, an ultrasonic bath, ultra-
sonic probe, and vortex mixer, were tested to prepare the slur-
ries. For this study, 0.1% (w/v) slurries of OPC or CW were
prepared using a 1% Triton X-100 solution in 1% HNO3 as the
dispersant and a mixing time of 1.0 minute. No signicant
differences in the initial % T values and the evolution of % T
values as a function of time were observed for both the OPC and
CW slurries prepared using the three assayed systems.
Considering these results and the ease and speed of preparing
replicates in the ultrasonic bath, this system was selected as the
most adequate for preparing the slurries. No differences were
observed in initial % T values or the stability of the slurries (rate
of % T increase with time aer mixing) using mixing times of
0.5, 1.0, and 2.0 minutes; therefore 1.0 minute was selected to
prepare the slurries.

3.1.3. Evaluation of the solid sample percentage in the
slurry. The amount of solid sample in the dispersing solution
volume directly inuences the slurry stability. This effect was
evaluated by preparing suspensions of OPC and CW in weight/
volume percentages from 0.002 to 1.0% under the optimal
dispersing solution and mixing conditions, and monitoring the
transmittance values along the time. The initial transmittance
values for both OPC and CW suspensions increased as the solid
sample percentage in the slurry decreased, reaching almost
100% of transmittance for the 0.002% (w/v) suspensions. The
slurries with sample percentages of both materials between 0.1
and 0.002% were stable for the entire study time (10 minutes).
However, in the slurries containing less than 0.1% of sample,
the determination of trace elements such as Pb or Ni by GFAAS
can be difficult due to the low mass used to prepare these
suspensions and the low concentration levels expected for these
elements in the samples. Considering all these results, a sample
This journal is © The Royal Society of Chemistry 2023
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percentage of 0.1% in the slurry was selected to prepare OPC
and CW slurries stable enough for metal quantication by
GFAAS.
3.2. Optimization of HR-CS GFAAS measurement conditions

3.2.1. Selection of measurement lines and correction of
spectral interferences. To select the most suitable atomic
absorption lines to determine Pb, Ni, Fe, and Mn, an initial
screening of these elements in OPC and CW samples was per-
formed. Considering these preliminary results and the expected
concentrations in these materials, the main line of Ni at
232.003 nm and the secondary lines of Pb at 283.306 nm, Mn at
403.080 nm, and Fe at 232.036 nm with relative sensitivity
values of 42%, 6.7%, and 1.4%, respectively, were selected. The
line selected to quantify Fe (232.036 nm) is in the same spectral
region as the main line of Ni (232.003 nm), allowing the
simultaneous determination of both metals in the same run. In
these initial studies, structured background signals were also
observed in the spectral region for Ni and Femeasurements (see
Fig. 2A and B), which were attributed to the rotational lines of
diatomic SiO molecules that can be formed from large amounts
of Si in the samples.23,24 These signals directly overlap with the
lines of Ni and Fe, and they could not be eliminated or timely
resolved by changing the temperature program applied in the
analysis of the samples. Thus, to correct this spectral
Fig. 2 Time–wavelength resolved absorbance spectra obtained in the
vicinity of the Ni main line (232.003 nm) and Fe secondary line
(232.036 nm) for the (A) OPC slurry and (B) CW slurry before LSBC
correction; (C) the OPC slurry and (D) CW slurry after subtraction of
the SiO reference spectrum with LSBC; (E) SiO reference spectrum.
Conditions: pyrolysis temperature of 1200 °C; atomization tempera-
ture of 2500 °C.

This journal is © The Royal Society of Chemistry 2023
interference, a reference spectrum of SiO was created, injecting
40 mL of a 200 mg L−1 Si standard solution (see Fig. 2E), and this
spectrum was subtracted from the spectra of OPC and CW
slurries using the least-squares background correction (LSBC)
algorithm. Aer applying this correction, the SiO background
signals disappeared from the spectra of OPC and CW slurries,
clearly revealing the absorption lines of Ni and Fe (see Fig. 2C
and D).

3.2.2. Optimization of pyrolysis and atomization tempera-
tures. To optimize the temperature program for the determi-
nation of Pb, Ni, Fe, and Mn, the pyrolysis and atomization
curves (Fig. 3) of these elements were established for a multiel-
ement aqueous standard (10 mg L−1 of Pb; 10 mg L−1 of Ni;
0.70 mg L−1 of Fe; and 200 mg L−1 of Mn), and 0.1% (w/v) OPC
and CW suspensions prepared in 1% Triton X-100 solution
containing 1% of HNO3. Considering the pyrolysis curves (see
Fig. 3A–F), a pyrolysis temperature of 1400 °C was selected to
determine Mn. To achieve the simultaneous determination of
Ni and Fe, it is necessary to establish a common temperature
program for both elements that does not signicantly deterio-
rate the individual analytical results of each analyte. Given that
for pyrolysis temperatures higher than 1200 °C, a slight
decrease in the integrated absorbance values for Fe in the curve
for the aqueous standard is observed, a pyrolysis temperature of
1200 °C was chosen for the simultaneous determination of Fe
and Ni. The pyrolysis temperature curves for the Pb aqueous
standard (see Fig. 3G, close symbols) and OPC and CW slurries
(see Fig. 3H, close symbols) in the absence of a modier showed
a decrease in the integrated absorbance values on applying
pyrolysis temperatures higher than 500 °C for the aqueous
standard and for OPC slurries, and 700 °C for CW slurries.
Given the high volatility of Pb and in order to avoid the loss of
this element at the higher pyrolysis temperatures necessary to
remove the sample matrix, Pd was added as a chemical modi-
er. The pyrolysis curves obtained for Pb standard solution and
OPC and CW slurries using 5 mg of Pd as matrix modier
(Fig. 3G andH (open symbols)) indicated that on using Pd as the
matrix modier, Pb was stable up to a pyrolysis temperature of
900 °C for the OPC slurries and the aqueous standard, and up to
1300 °C for the slurry of CW. Based on these results a pyrolysis
temperature of 900 °C was selected for all further determina-
tions (see Table 1).

The atomization curves for Ni, Fe, Mn, and Pb in aqueous
standards, and OPC and CW slurries were established by setting
the selected pyrolysis temperatures of each analyte and varying
the atomization temperature from 1800 °C, 2000 °C, or 1300 °C
up to 2600 °C for Mn, Ni and Fe, and Pb, respectively. According
to the results, (see Fig. 3E and F), a temperature of 2200 °C was
selected for the atomization of Mn. For Ni (see data in Fig. 3A
and B) and Fe (see Fig. 3C and D) the highest integrated
absorbance values were obtained for temperatures of 2500 °C
and 2400 °C, respectively. Considering that the Ni amount in
OPC and CW is lower than the Fe content and these elements
are determined simultaneously in the slurries, a common
atomization temperature of 2500 °C was chosen to carry out the
simultaneous determination of both elements. Given the
results obtained for Pb, using the Pd matrix modier (see
Anal. Methods, 2023, 15, 1105–1115 | 1109
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Fig. 3 (Left) Pyrolysis (circles) and atomization (squares) curves for standard solutions of 10 mg L−1 Ni (A), 0.70 mg L−1 Fe (C), 200 mg L−1 Mn (E)
and 10 mg L−1 of Pb (G) without modifier (close symbols) and with 5 mL of 1% (v/v) Pd modifier solution (open symbols). (Right) Pyrolysis (circles)
and atomization (squares) curves for 0.10% (w/v) slurries of OPC (black) and CW (red) for Ni (B), Fe (D), Mn (F) and Pb (H) without modifier (close
symbols) and with 5 mL of 1% (v/v) Pd modifier solution (open symbols). Error bars correspond to the standard deviation of n = 3 measurements.

1110 | Anal. Methods, 2023, 15, 1105–1115 This journal is © The Royal Society of Chemistry 2023

Analytical Methods Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Fe

br
ua

ry
 2

02
3.

 D
ow

nl
oa

de
d 

on
 7

/2
9/

20
24

 9
:2

8:
31

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D2AY02036J


Paper Analytical Methods

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Fe

br
ua

ry
 2

02
3.

 D
ow

nl
oa

de
d 

on
 7

/2
9/

20
24

 9
:2

8:
31

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Fig. 3G and H, open symbols), a temperature of 1900 °C was
selected for Pb atomization. The nal temperature programs for
the determination of Ni, Fe, Mn, and Pb are shown in Table 1.

3.3. Calibration and gures of merit

Calibration curves for Pb, Ni, Fe, andMn were established using
multielement standard solutions prepared in 1% Triton X-100
containing 1% HNO3. The analytical signal used for quanti-
cation purposes was the sum of the integrated absorbance value
of one or more pixels of the absorption line of each element.
The number of pixels to quantify each metal was selected
considering the amount of the element expected in the samples.
In this way, for Pb and Ni, the sum of the integrated absorbance
value of three pixels (the central pixel plus the adjacent ones, CP
± 1) of the absorption line was chosen as the analytical signal,
while for Fe and Mn, just one pixel (the central pixel, CP) of the
absorption line prole was selected as the analytical signal for
quantication purposes. The use of the absorbance values at
the absorption line wings, the so-called side pixel registration
approach, was also evaluated to further extend the linear
working range of Fe and Mn. Fig. 4 shows the calibration curves
obtained for Pb, Ni, Fe, and Mn (see the gure legend for the
pixels selected to establish the different calibration curves).

Table 2 summarizes the gures of merit of the method for
the four studied elements. The limits of detection (LODs) and
quantication (LOQs) were respectively calculated as three
Fig. 4 Calibration curves obtained for aqueous standards of (A) Pb, (B) Ni
CP± 1 (central pixel plus two adjacent ones;

P
(±3)) (sum of only the pixe

lateral positions plus four). Error bars correspond to the standard deviati

This journal is © The Royal Society of Chemistry 2023
times and ten times the standard deviation obtained for ten
repetitive measurements of the blank solution (1% Triton X-100
containing 1% HNO3) divided by the slope of the calibration
curve. The characteristic concentration (C0), dened as the
content of analyte that produces an analytical signal of 0.0044 s,
was also calculated. The upper limit of the linear range (ULLR)
was graphically calculated as the analyte concentration at which
the deviation of the slope was less than ±5% of that of the ideal
linearity plots.

The calibration curves of Pb and Ni were linear over the
entire concentration range assayed (see Fig. 4A and B). For Mn
and Fe, ULLRs of 300 mg L−1 and 5.0 mg L−1, respectively, were
obtained using the central pixel (CP) for signal quantication.
The ULLR of Mn can be increased up to 400 mg L−1 or 600 mg L−1

using the sum of the integrated absorbance values of the side
pixels

P
(±3) or

P
(±4), respectively, as the analytical signal (see

Fig. 4D). For Fe, the ULLR can be increased up to 60.0 mg L−1

using
P

(±3) (see Fig. 4C). The instrumental LODs and LOQs
values for Ni and Pb were similar to those previously reported
for these elements using HR-CS GFAAS.23,25–27 For the secondary
lines used for Fe andMn determination, for comparison, we did
not nd literature data using only the CP or the side pixel
registration approach as the analytical signal. The sensitivity,
LODs and LOQs of these elements could be improved, if
necessary, to analyse samples with a lower content of Fe or Mn
using CP ± 1 and/or a more sensitive analytical line for the
, (C) Fe, and (D) Mn. Pixels for quantification: CP (only the central pixel);
ls in the lateral positions plus three);

P
(±4) (sum of only the pixels in the

on of n = 3 measurements.
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Table 2 Figures of merit for the determination of Pb, Ni, Fe, and Mn by the optimized HR-CS GFAAS method using the temperature program in
Table 1

ELEMENT Pixel Slope r C0 LOD LOQ ULLR

Pb CP � 1 0.0097 � 0.0002 s L mg−1 0.9991 0.45 mg L−1 0.50 mg L−1 1.5 mg L−1 80 mg L−1 a

Ni CP � 1 0.0114 � 0.0003 s L mg−1 0.9986 0.40 mg L−1 1.1 mg L−1 3.8 mg L−1 75 mg L−1 a

Fe CP 0.0851 � 0.0003 s L mg−1 0.9972 0.050 mg L−1 0.030 mg L−1 0.11 mg L−1 5.0 mg L−1

�3 0.0052 � 0.0002 s L mg−1 0.9965 0.84 mg L−1 1.2 mg L−1 3.9 mg L−1 60 mg L−1

Mn CP 0.00208 � 0.0004 s L mg−1 0.9990 2.12 mg L−1 0.50 mg L−1 1.7 mg L−1 300 mg L−1

�3 0.00114 � 0.00003 s L mg−1 0.9971 3.86 mg L−1 1.2 mg L−1 4.0 mg L−1 400 mg L−1

�4 0.00028 � 0.00001 s L mg−1 0.9989 15.9 mg L−1 5.5 mg L−1 18 mg L−1 600 mg L−1

a Maximum concentration assayed.
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determination. The relative LODs and LOQs in the materials
were calculated, considering the percentage of solid sample in
the slurry. The relative LOD values for Pb, Ni, Mn, and Fe were
0.50 mg g−1, 1.1 mg g−1, 0.50 mg g−1, and 0.030 mg g−1, respec-
tively. The relative LODs for Pb and Ni were about 10 times
lower than those reported for XRF methods.10,11 For Mn, the
relative LOD value was better or similar to those reported for
XRF methods, while for Fe, a higher value was obtained.10,11

These results for Mn and Fe were expected since secondary lines
with relatively low sensitivity (6.7% for Mn and 1.4% for Fe)
were selected for the determination of these elements, which
are usually found in construction materials in higher amounts,
and we wanted to determine the four elements in the same
slurry of the solid sample.

The trace element coal y ash 1633b CRM was analysed
using the proposed method. For this purpose, slurries of this
CRM with 0.1% of the solid sample were prepared in triplicate.
Due to the high content of Ni and Fe in this CRM, the deter-
mination of these elements was carried out using suspensions
with 0.04% of the solid sample. The determination of Fe
content in the CRM slurry sample was performed using the side
pixel registration approach (

P
(±3)). No signicant differences

were observed between the concentrations of Pb, Ni, Fe, andMn
obtained by the proposed direct slurry sampling method and
the certied values according to the Student's t-test at a 95%
condence level (see Table 3). The relative standard deviation
(RSD, %) values were 8.5% for Pb, 9.0% for Ni, 6.8% for Fe and
5.0% for Mn.
Table 3 Comparison of the results obtained (mean ± standard deviatio
mortar samples by the slurry sampling HR-CS GFAAS method, and thos
GFAAS measurement using temperature programs in Table 1

Sample

Pb (mg g−1) Ni (mg g−1)

Slurry MW digestion Slurry MW dige

CRMa 59 � 5 64 � 4 110 � 10b 114 � 9
OPC 14.5 � 0.6 14 � 1 11.7 � 0.5 12.3 � 0.8
CW 26 � 1 25.8 � 0.8 17.2 � 0.6 16.7 � 0.6
Mortar 1 18 � 1 18.8 � 0.9 13.1 � 0.4 13.6 � 0.3
Mortar 2 27 � 2 25 � 1 21 � 1 19.3 � 0.6
Mortar 3 21 � 1 21.8 � 0.5 12.7 � 0.9 12.5 � 0.7

a Certied value: 68 ± 1 mg g−1 Pb; 120 ± 2 mg g−1 Ni; 78 ± 2 mg g−1 Fe; 1
slurry.

1112 | Anal. Methods, 2023, 15, 1105–1115
3.4. Analysis of real samples

The developed method was applied to determine Pb, Ni, Fe, and
Mn in OPC, CW, and cement–mortar samples. For this purpose,
slurries of the samples were prepared in triplicate. The results
are shown in Table 3. The determination of Mn in OPC and CW
samples was performed using the side pixel registration
approach (

P
(±3) and

P
(±4), respectively). For Fe determination

in OPC and CW samples,
P

(±3) was used as the analytical
signal. The concentrations of Pb in these samples were lower
than the maximum level established by the Finland Government
Decree for the use of certain wastes in earth construction.28

To probe the validity of the method, all the samples and the
CRM were digested (see Section 2.2.4.) and the Pb, Ni, Fe, and
Mn contents were determined in the obtained solutions by HR-
CS GFAAS. As can be seen in Table 3, the concentrations found
using the proposed slurry sampling method were in good
agreement (Student's t-test for two independent samples at
a 95% condence level) with those found in the samples aer
digestion and HR-CS GFAAS measurement in the solutions.
These results demonstrate that the proposed method can be
successfully applied in the determination of Pb, Mn, Ni, and Fe
in cement, cement-additives as CW, and cement–mortar
samples without the need to dissolve the samples.
3.5. Comparison with other sample preparation procedures

Table 4 compares some characteristics of the proposed slurry
preparation procedure with those reported in other works
n (n = 3)) for Pb, Ni, Fe, and Mn in the CRM, OPC, CW, and cement–
e obtained for the previous MW digestion of the samples and HR-CS

Fe (mg g−1) Mn (mg g−1)

stion Slurry MW digestion Slurry MW digestion

74 � 5b 80 � 6 121 � 6 120 � 8
21 � 2 19 � 2 314 � 6 310 � 13
53 � 5 51 � 3 490 � 16 494 � 14
3.8 � 0.2 4.0 � 0.2 203 � 9 195 � 5
6.0 � 0.3 6.1 � 0.4 224 � 18 206 � 2
3.9 � 0.2 3.5 � 0.2 226 � 10 222 � 3

32 ± 2 mg g−1 Mn. b Determination using 0.04% of solid sample in the

This journal is © The Royal Society of Chemistry 2023
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Table 4 Comparison of the proposed slurry preparation method with other treatment methods for samples with inorganic matrixes

Solid sample

Sample preparation procedure

ReferenceMethod Reagents Temperature Time a

Cement and clinker Digestion 65% HNO3 80 °C 24 h 5
Geological materials and urban
particulate matter

MW digestion 65% HNO3 + 50% HF 230 °C b 51 min 6

Cement Slurry sampling 1% HNO3 + 1–5% HF + 10% EtOH 25 °C 25 min 13
Ceramic tableware Slurry sampling 65% HNO3 40 °C 20 min 16
Bones Slurry sampling 5% HNO3 + 10% glycerol 25 °C 2 min 17
Geological materials Slurry sampling 65% HNO3 + 37% HCl +50% HF 60 °C 60 min 18
Road dust Slurry sampling 1% HNO3 25 °C 34 min 19
Cement, mortar, and ceramic residues Slurry sampling 1% HNO3 + 1% Triton X-100 25 °C 1 min This work

a Extraction time and/ormixing time for slurry preparation. b MWdigestion program: 2min at 250W + 2min at 400W + 30min at 650W (Ta: 230 °C;
P: 20 bars). 18 min at 0 W for cooling.
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devoted to the analysis of solid samples with similar inorganic
matrixes using digestion or slurry sampling methods. Concen-
trated HNO3 alone, or combined with other corrosive reagents
such as HF and HCl, is usually used for the treatment of inor-
ganic matrix samples even in some slurry preparation proce-
dures. Most of those procedures need temperatures higher than
room temperature and about 20–60 minutes to digest the
sample or to prepare the slurries. The sample treatment
proposed in this work can be considered more environmentally
friendly and in accordance with the principles of Green
Analytical Chemistry as it avoids the use of corrosive and toxic
chemicals such as concentrated mineral acids (HF, HCl or
HNO3) and signicantly reduces the time required for sample
preparation and thereby, the energy consumption. Moreover,
the conditions used to prepare the slurries in this work lead to
the preparation of slurries that are stable for at least 10minutes,
avoiding the need to resuspend the sample between each
replicate measurement; in most of the reported slurry sampling
methods, the sample suspension must be shaken just before
the measurement of each replicate.
4. Conclusions

A new slurry sampling HR-CS GFAAS method was developed to
determine Pb, Ni, Fe, and Mn in ceramic waste (CW), cement
(OPC), and cement–mortar samples. Stable suspensions for
carrying out the GFAAS measurements were prepared by mixing
10.0 mg of the solid powder sample with 10.0 mL of a 1% (v/v)
Triton X-100 in 1% (v/v) HNO3 solution in an ultrasonic bath for
1.0 minutes. The analysis was performed using a unique
suspension of the construction material and the metals were
determined at concentrations between 1.5 and 80 mg g−1 for Pb,
4.0 and 75 mg g−1 for Ni, 2.0 and 600 mg g−1 for Mn and 0.15 and
60mg g−1 for Fe. In comparison withmethods based on XRF, 10
times better LODs and LOQs for Pb and Ni were achieved with
the developed slurry sampling HR-CS GFAAS method. The
developed method does not need the use of HF and the sample
preparation requires less than 5 minutes. In our opinion, the
proposed method could be a useful, simple, and environmen-
tally friendly alternative tool for the routine analyses of
This journal is © The Royal Society of Chemistry 2023
construction materials since the use of corrosive reagents and
the generation of toxic and hazardous wastes is minimized
without deterioration of the analytical performance. This slurry
sampling procedure could be used to develop new analytical
methods for the determination of other trace elements, and
minor and/or major elements in construction material samples
aer the proper optimization of the GFAAS temperature
program and evaluation of spectral interferences.
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T. Mikysek, Direct determination of lead in bones using
slurry sampling and high-resolution continuum source
electrothermal atomic absorption spectrometry, Anal.
Methods, 2019, 11, 1254–1263.

18 P. Zhang, Z. Yang, T. Yu, Q. Hou, X. Xia, G. Gao and R. Yang,
Determination of Pb in Geological Materials by Heat
Extraction Slurry Sampling ET-AAS, At. Spectrosc., 2020, 41,
205–210.

19 S. S. Oliveira, V. S. Ribeiro, T. S. Almeida and R. G. O. Araujo,
Quantication of ytterbium in road dust applying slurry
sampling and detection by high-resolution continuum
source graphite furnace atomic absorption spectrometry,
Spectrochim. Acta, Part B, 2020, 171, 105938.

20 J. Briceño, M. A. Belarra, K. A. C. D. Schamphelaere,
S. Vanblaere, C. R. Janssen, F. Vanhaecke and M. Resano,
Direct determination of Zn in individual Daphnia magna
specimens by means of solid sampling high-resolution
continuum source graphite furnace atomic absorption
spectrometry, J. Anal. At. Spectrom., 2010, 25, 503–510.
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