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ABSTRACT: The rapid and simultaneous analysis of cadmium (Cd) and mercury (Hg), as heavy metals known to be
hazardous to public health, is always a challenge in complicated soil matrices. A novel solid sampling electrothermal vaporization
atomic absorption spectrometry (SS-ETV-AAS) based on integrated catalytic pyrolysis technique was fabricated to develop a fast
and sensitive method for the direct determination of Cd and Hg in soil. However, direct solid sampling of soil results in matrix

interferences that affect the accurate analysis of Cd. In this work, modifier mixture of NaCl and citric acid (2:1 for soil: modifier)

was optimized and employed to promote Cd release from soil for rapid and accurate detection, of which 30% citric acid (m.m) was
added to alleviate soil coagulation at high temperatures. Under optimized conditions, the limits of detection (LODs) for Cd and Hg
were 0.7 and 0.3 ng g using sample size of 0.1 g. The linearity (R?) was both >0.999 and the recoveries were in the range of 81-115%

with the relative standard deviation
(RSD) 0.3-10.1%, showing excellent
sensitivity, precision and accuracy. The
complete analysis time can be
controlled within ~3 min without any
digestion process. The proposed
method is suitable for the simultaneous
detection of Cd and Hg in soil samples

with features of simple, rapid and green.
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INTRODUCTION

Heavy metal pollution is a widespread and serious environmental
problem that is being faced at present.!? According to the National
Soil Pollution Survey Bulletin published by the Ministry of
Ecology and Environment of the PRC in 2014, the total soil
exceedance rate in China was 16.1%, with cadmium and mercury
accounting for 7.0% and 1.6% of the point exceedance rate.> Cd
and Hg originate from a variety of sources, including industrial
production, irrational using of fertilizers and high environmental
background.*® Heavy metals are non-biodegradable and can be
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transferred through the soil and enriched in the food chain,
eventually causing harm to humans.” Cd and Hg cause varying
degrees of damage to the human liver, kidneys, bones and
digestive system, for example, Cd and Hg can cause "Itai-itai
disease" and "Minamata disease",? respectively. Laboratory
methods with wide linear range and excellent stability are
commonly used to detection Cd and Hg, such as inductively
coupled plasma mass spectrometry/optical emission spectrometry
(ICP-MS/OES),"*  hydride-generation
spectrometry (HG-AFS)'* and graphite furnace atomic absorption
spectrometry (GF-AAS).'> 16 However, conventional methods

atomic  fluorescence
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Fig. 1 Schematic diagram of SS-ETV-AAS instrumentation. The proposed novel integrated ETV Cd-Hg analyzer consists of a solid sampling ETV, a dual
catalytic pyrolysis furnace, a gold amalgamator, two sets of miniature Cd and Hg atomic absorption spectrometer detectors and a gas supply system.

require complicated digestion process that is labor consuming and
employs corrosive reagents, as well as high power consumption
and high-pressure gases, which is against the requirements for fast
and eco-friendly analysis of heavy metals.

Direct solid sampling techniques removes the complicated
sample pre-treatment steps, such as X-ray fluorescence
spectroscopy (XRF),'”- 8 laser induced breakdown spectrometry
(LIBS),'” 20 laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS)?"?? and electrothermal vaporization
(ETV).?>?* The demand for detection of trace Cd and Hg in soil
could not be satisfied by XRF, LIBS and LA-ICP-MS. ETV has
been applied to Cd and Hg for its diversity for various atomic
spectrometry with high introduction efficiency. ETV are typically
constructed using heated quartz tubes (HQT), graphite furnaces
(GF) and tungsten coils (TC).%> 2 GF-ETV has high energy
consumption and requires water cooling system. Although TC-
ETV is small and consumes low energy, it suffers from oxidation
and the inability to load solid samples due to its hollow structure.
The HQT-ETV can be more easily designed and modified to
satisfy the vaporization requirements of Cd and Hg, and is used in
coupling with AAS, AFS and ICP-MS.?"* Direct solid sampling
significantly reduces sample pre-treatment but increases the
possibility of matrix interference. In previous studies,®® SS-ETV-
AAS was applied to the analysis of Cd and Hg in variety of foods,
but soil matrix is more complex than food. How to overcome the
complicated matrix and achieve accurate detection of Cd and Hg
in soil samples is a major problem which remains to be solved.

The composition of soil is extremely complex, including water,
minerals, humus, organisms and so on. Soil also contains various
major and trace elements like Si, Al, Fe, K, Ca, Mg, Cd, Hg, efc.
Catalytic pyrolysis furnaces (CPF) are most used for ETV to
capture and decompose organic particles, nitrogen oxides and
sulfur oxides from the soil matrix, and Mn, AlO3 and kaolin
materials are often used as pyrolysis fillers.?”- 3! The catalytic
pyrolysis for Cd and Hg require different conditions, thus separate
control of the fillers and atmospheres for the different stages is
necessary. The presence of Ca salts in soil may influence the Cd
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release, and how to release the elements efficiently is the difficulty
of direct solid sampling of soil samples. Some studies have been
successful in detecting Cd in carbonates by the addition of EDTA-
2Na.*? And phenomenon was found that the addition of sodium
chloride to the calcination of lime and diatomaceous concentrate
had effect on the crystal structure.’> 3* Thus, NaCl might be a
feasible modifier for the accurate detection of Cd and Hg in soil.

In this work, the effect of modifiers on the release of Cd from
soil were investigated, using KCI, NaCl, and EDTA-2Na, etc., and
finally NaCl and citric acid (7:3, m:m) was selected as the mixture.
The ratio of NaCl and citric acid, soil samples and mixing modifier
was further investigated and finally determined to be 2:1,
respectively. Under optimal conditions, simultaneous detection of
Cd and Hg in soil can be achieved within 3 min by a novel SS-
ETV-AAS method based on integrated ETV systems. The LODs
can reach 0.7 and 0.3 ng g’!, respectively, providing a green and
rapid method for soil Cd and Hg analysis.

EXPERIMENTAL

Direct sampling Cd-Hg analyzer. The proposed new integrated
ETV Cd-Hg analyzer, shown in Fig. 1, consists of a solid sampling
ETYV, a dual CPF, a gold amalgamator, two sets of miniature Cd
and Hg atomic absorption spectrometer detectors and a gas supply
system. The ETV consists of a 19 mm internal diameter quartz
tube surrounded by nickel-chromium heating coil and a nickel
sampling boat for soil sample introduction. Next, the ETV quartz
tube was extended to CPF', also surrounded by nickel-chromium
heating coil, filled with modified MgO filler to absorb organic
interferences and particles for analysis of Hg and Cd at 800°C. The
end of the CPF' quartz tube was replaced by outlet tube (OT) of
2 mm inner diameter with ~300 °C nickel-chromium heating coil
to ignite the No/Hz flame and focus the atomization flame for Cd
detection by AAS (228.8 nm hollow cathode lamp, HCL, for Cd
light source and photomultiplier tube, PMT, for signal acquisition).
Air pump is installed upstream of the ETV tube to provide O2
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Table 1 Operating parameters of SS-ETV-AAS.

Steps Time (s) ETV Temperature (°C) Flow rate of Cd Flow rate of Hg
Dehydration/ashing 30 450 Air: 500 mL/min Air: 800 mL/min
Ashing/vaporization 75 450-800 Air: 500 mL/min Air: 800 mL/min
Detection 95 800 Air: 150 mL/min Air: 400 mL/min

N2/H.: 200 mL/min
Cooling 15 800-450 Air: 500 mL/min Air: 800 mL/min
atmosphere. The hydrogen generator produces reducing (GSS-8) of Shaanxi soil (Cd=130+20 pg/kg, Hg=17+3 pg/kg);

atmosphere by condensing and dehydrating hydrogen, which is
then mixed with air and ignited, producing mixture gases of No/Ha.
The CPF?, which is made of quartz tubes with an internal
diameter of 19 mm, is filled with MnO2 and CaO particles to allow
Hg transportation. The gear-driven CPF?# covers the outlet of the
OT to inhale the Hg analyte and then moves 2 cm away from the
OT to make space for the AAS optical path of the Cd detector (Fig. S1).
Following CPF?, a gold-plated quartz sands was inserted into a 2
mm inner-diameter quartz tube for trapping Hg atoms and then
release them through a CAAS (CAAS, 253.7 nm low-pressure Hg
lamp, Changsha Kaiyuan Hongsheng Technology, Changsha,
China) to detect Hg. The O2-containing atmosphere was supplied
by a vacuum pump (R-36D, WIGGENS GmbH, Germany)
installed downstream of the CAAS unit to generate negative
pressure. The operating parameters of the Cd-Hg analyzer are
shown in Table 1.

Sample digestion and analysis instrumentation. Microwave
digestion system (model TOPEX+, PreeKem Scientific
Instrument, Shanghai, China) was used to digest the soil samples
to validate the proposed method; ICP-MS system (SUPEC7000,
EXPEC Technology, Hangzhou, China) was then used to analyze
Hg and Cd in the soil samples. The detailed operating parameters
are presented in Tables S1 and S2 in the Supplementary
Information document.

Chemicals and materials. Unless specifically noted otherwise,
all chemicals and reagents used in this work were of analytical
purity or better. Standard stock solutions of Cd, Hg, Sc, In, Re
(1000 mg/L) were purchased from the National Research Center
for Certified Reference Materials (NRCCRM) (Beijing, China).
Working standards were prepared by stepwise dilution of stock
standards with purified water from Milli-Q water purification
system (Millipore, Burlington, MA, USA). Certified reference
materials (CRMs) of soil samples were purchased from
NRCCRM, including GBW07556 (GSS-65) of Jiangsu soil
(Cd=171=£11 pg/kg, Hg=134+7 pg/kg); GBW07981 (GSS-39) of
Hainan soil (Cd=200+10 pg/kg, Hg=75+4 ng/kg); GBW07983
(GSS-41) of Xinjiang soil (Cd=174+8 pg/kg, Hg=15+3 pg/kg);
GBWO07554 (GSS-63) of Shaanxi soil (Cd=290+30 png/ke,
Hg=161+9 ng/kg); GBW07540 (GSS-49) of Inner Mongolia soil
(Cd=180=+10 pg/kg, Hg=31+3 pg/kg). GBW07408a (GSS-8a) of
Shaanxi soil (Cd=140+20 pg/kg, Hg=27+5 pg/kg); GBW07408
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GBWO07978 (GSS-36) of Heilongjiang soil (Cd=98+7 pg/kg,
Hg=34+3 pg/kg). GBW07406 (GSS-6) of Guangdong soil
(Cd=130+30 pg/kg, Hg=72+7 pg/kg); GBWO07542 (GSS-51) of
Xinjiang soil (Cd=190+10 pg/kg, Hg=12+2 pg/kg). GBW07546
(GSS-55) of Xizang soil (Cd=109+5 pg/kg, Hg=2843 pg/kg).
GBWO07447 (GSS-18) of Inner Mongolia soil (Cd=150+10 ng/kg,
Hg=15+3 ng/kg). HNOs, HCI, HF and HCIO4 for microwave
digestion of 0.1 g soil samples were utilized. For ICP-MS, high-
purity argon (99.999%, v:v, Chengweixin Gas Co., Ltd., Beijing,
China) was used as cooling gas, auxiliary gas and nebulization gas,
and high-purity helium (99.999%, v:v, Chengweixin Gas Co., Ltd.,
Beijing, China) was used as collision gas; KOH (guaranteed grade,
Sinopharm Chemical Reagent, Beijing, China) was used for
hydrogen generation in the gas supply system; MgO particles were
purchased from Jiangsu Xianfeng Nanomaterials Technology Co.,
Ltd. (Nanjing, China).

Sample collection and preparation. To verify the feasibility of
the method, real soil samples were collected from 4 provinces in
China (Hunan, Hubei, Jiangxi, Guizhou). After grinding at —2.6 °C
and 28000 rpm for 5 s with a low-temperature grinder (SM-3C,
Xiang Tai Precision Machinery Co., LTD., Taiwan, China), the
soil samples were sieved through 100-mesh (0.149 mm) sieve and
stored at 4 °C for further analysis. Matrix modifiers were used to
improve the analytical efficiency of Cd in the SS-ETV-AAS
procedure. NaCl/citric acid (7:3) was added and the mixture was
homogenized in a pestle and mortar. For the analysis of the real
sample, the ratio of matrix modifier to real sample = 1:2 is weighed
and placed in the sample boat, mixed briefly and then analyzed in
the next step.

Analytical procedures of the SS-ETV-AAS method. The Cd
and Hg analysis process of SS-ETV-AAS is shown in Table 1,
which is specifically listed as following steps: (1) Dehydration: 0.1
g soil sample was taken into the nickel sampling boat and kept at
450 °C for 30 s with 500 mL/min air flow to remove moisture in
sample. At this stage, the CPF?* was connected to the outlet of the
OT, inhaling the Hg analyte and trapped by the gold amalgamator.
(2) Ashing and pre-vaporization: ETV was heated from 450 to 800°C
and held for 75 s under 500 mL/min air flow, to remove organic
substances in sample. In this process, a little of Cd analyte was
captured by the MgO filler in the CPF'¥, and at the same time the
mercury in the sample has been completely vaporized and captured
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Fig. 2 The effect of modifiers on the recovery of Cd from soil CRMs. 50
mg EDTA-2Na, NaCl, CaCl,, KClI and citric acid were added as modifiers
to 100 mg soil CRMs, respectively (GBW 07542 Cd=190+10 pg/kg,
Hg=12+2 pg/kg and GBW 07546 Cd=109+5 ng/kg, Hg=28+3 pg/kg). The
operational parameters were consistent with Table 1. The error bar
represents the standard deviation of three measurements (n = 3).
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Fig. 3 a) The effect of the ratio of NaCl to citric acid on the recovery of Cd
from soil CRMs. The mixture of 50 mg of NaCl and citric acid in the ratios
of 9:1, 8:2, 7:3, 6:4 and 5:5 was added to 100 mg soil CRMs, respectively.
b) The effect of the ratio of modifiers to soil CRMs on the recovery of Cd
from soil CRMs. The mixture of 200, 100 and 50 mg of NaCl and citric
acid in the ratios of 7:3 was added to 100 mg soil CRMs, respectively. GBW
07542 Cd=190+10 pg/kg, Hg=12+2 pg/kg and GBW 07546 Cd=109+5
ng/kg, Hg=28+3 ng/kg. The operational parameters were consistent with
Table 1. The error bar represents the standard deviation of three
measurements (n = 3).

with gold amalgamator. (3) Connection adjustment: the CPF? was
separated from the OT by an electric piston to provide enough
space for the optical path of the AAS detector. (4) Complete
vaporization and detection: Atmosphere was changed into mixture
of air at 150 mL/min and N2/Hz at 200 mL/min. At this time, all
the Cd analyte were vaporized and transported through the CPF'*
and OT, and atomized by N2/H> flame for AAS detection. In the
meantime, the amalgamator was rapidly increased 800°C to
release of Hg for CAAS detection. (5) Cooling: After all heating
processes, the ETV was cooled to 450 °C by air sweeping for the
next analysis. The sample was then swept with a small bristled
brush to remove residual sample so that the sampling boat could
be reused.
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Statistical Analysis. Statistical analysis of experimental data was
performed using SPSS statistics 26, Origin 2021 and Microsoft
Excel 2021. Significant differences were assessed by t-test, in
which p-values lower than 0.05 (p < 0.05) support statistical
significance and t-test is two-sided. Correlation was assessed by
the Pearson correlation coefficient, in which r higher than 0.8 or
lower than -0.8 support extremely correlation (r > 0.8 or r < -0.8).

RESULTS AND DISCUSSION

Selection and mechanism of modifiers. According to previous
studies, the SS-ETV-AAS is suitable for the analysis of Cd and Hg
in food samples.>* However, the ability of SS-ETV-AAS to deal
with matrix interferences in soil samples and provide accurate
analysis of Cd and Hg in soil samples remains to be investigated.
As shown in Fig. 2, the recovery of GBW07542 and GBW07546
was only ~53%, indicating that the conventional procedures failed
to resolve the soil matrix interference. Zhu et al.3' found that using
EDTA-2Na as matrix modifier could decrease Cd vaporization
temperature, and improve release efficiency for accurate detection
of Cd in carbonate samples. Therefore, we attempted to add
EDTA-2Na to the soil, and recoveries of GBW07542 and
GBWO07546 increased to ~80%, but the measured values were still
below the uncertainty of the certified values. The enhancement
effect of EDTA-2Na cannot satisfy the demand for accurate soil
Cd detection, and developing a matrix modifier for soil matrices
remains a challenge. On the other hand, NaCl is added to calcine
lime and diatomaceous earth to improve the properties of the
product, significantly changing the shape, size and compaction of
CaO, which may assist in the Cd release from soil.*>33 Thus, NaCl
as matrix modifier increased the recovery of GBW07542 and
GBWO07546 to 101% and 98% respectively, possibly indicating
that NaCl enhanced the Cd vaporization in soil. Other chlorinated
salts such as CaCl. and KCl were investigated and the results
showed that the recoveries of GBW07542 and GBW07546 ranged
from 74 to 101%, indicating unstable matrix modification effect
vs. NaCl. In addition, Na2CO3 and NH4Cl were added as
alternatives to NaCl. However, Na>COs forms a hard residue and
reduces Cd recovery. NH4Cl has an effective increase of Cd
recovery, but not as effective as NaCl (Fig. S2). Thus, NaCl was
chosen as the matrix modifier for next experiments.

NaCl mixed with soil and heated will solidify into caking that
are difficult to clean up. Citric acid will release CO2 during heating
and will form the loose and porous in soil samples and alleviate
the solidification. The NaCl/citric acid ratio and the matrix
modifier/soil sample ratio were further optimized for best
conditions. The effect of different ratios of NaCl to citric acid on
Cd recovery was investigated as shown in Fig. 3a. Reducing the
ratio from 9:1 to 5:5 had no significant impact. In order to maintain
the possible recovery while reducing the NaCl size, which is
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completed in atmosphere without N»/H,. The residue was re-vaporized with
the introduction of Ny/H,. A soil CRM sample (GBW 07978 Cd=98+7
ng/kg, Hg=34+3 ng/kg) was employed for solid sampling. The operational
parameters were consistent with Table 1. The error bar represents the
standard deviation of three measurements (n = 3)
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Fig. 5 Influence of vaporization temperature on Cd and Hg signals in soil
CRMs. A soil CRM sample (GBW 07978 Cd=98+7 pg/kg, Hg=34+3
ng/kg) was employed for solid sampling. The error bar represents the
standard deviation of three measurements (n = 3). The intensities were
normalized with the maximum signal (average value) set as 1.

aggressive to the nickel sample boat, ratio of 7:3 was chosen for
the next experiments. In addition, the matrix modifier/soil sample
ratio was tested and the results are shown in Fig. 3b. Reducing the
matrix modifier and soil sample ratio from 2:1 to 1:2 had no
significant effect on Cd recovery, possibly because the addition of
NaCl was already well above the required size. In order to
minimize the aggressive effect of NaCl on the nickel sample boat,
ratio of 1:2 matrix modifier/soil sample was chosen for the
experiments.

It is necessary to investigate the effect of NaCl on Cd release
from soil. As shown in Fig. 4, the addition of modifier significantly
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increases the release of Cd at the same temperature. Meanwhile,
scanning electron microscopy (SEM, EVO 15, Carl Zeiss AG,
Oberkochen, Germany) was used to compare the soil surface that
heated with and without mixture modifier. As shown in Fig. S3a,
some spikes are produced after heating, which may be due to
recrystallisation of NaCl after melting. Some studies have shown
that soil organic matter and CaCO3 were major contributors for Cd
adsorption®* 3. Ca salts like CaCOs, CaO, CaSOs in the soil may
be an important factor affecting Cd recovery via adsorption and
conjunction. Five soil CRMs with different CaO contents were
analyzed and the Fig. S4 showed that the Cd recovery decreased
with increasing CaO. Correlation analysis (Table S3) showed that
Cd recovery was significantly and negatively correlated with CaO
content (Pearson correlation coefficient, » = -0.896 and p<<0.01).
The modifiers may cause the formation of cracks and holes to
reduce the adsorption and conjunction of Cd and promote the Cd
vaporization, resulting in accurate detection of Cd.

Sample dehydration, ashing and vaporization of Cd and Hg.
Soil samples include moisture, organic, micro-organisms and
particulate minerals, which can affect the detection of Cd and Hg,
and interference from the matrix needs to be minimized. Therefore,
the soil samples were first dried and ashed. As shown in Fig. 5, the
temperature was increased from room temperature to 800 °C, Hg
was almost completely vaporized at 500 °C, which was
dehydrated through CPF? and captured by gold-plated quartz
sand. Cd signal was appeared at 600 °C, and peaking at 800°C.
According to previous studies,?” 37 the vaporization temperatures
of Cd and Hg in reducing atmosphere are ~700 and ~300 °C,
which is consistent with the results of this work. So, 450 °C was
chosen for ashing, in which Hg began to vaporize from sample matrix.

During drying and ashing, a small part of Cd was released and
captured by MgO filler in CPF, most of Cd was retained in the
sample residue, and all of Hg was released and captured by
amalgamator. N2/Hz reducing atmosphere was introduced to
release all of Cd analytes from the sample residue. As shown in
Fig. 3, only ~14% of Cd in soil samples is released by ashing in
air, and ~81% is re-released in the sample residue by the
introduction of No/Ha. The sum of the two step releases is ~95%
of the Cd analyte, indicating a similar complete release of Cd is
released after the introduction of N2/Ha.

Atmosphere conditions. ETV releases Cd and Hg from the
sample by high temperature and then introduce them into catalytic
pyrolysis furnace via carrier gas. Air was carrier gas in the drying
and ashing, the analytes of Cd and Hg were transported and
captured by the MgO filler and amalgamator respectively, and the
HQT was entire heated without significant cold zones or
condensation. As shown in Fig. S5, carrier gas flow rate from 100
to 500 mL/min has no significant change on the detection. Carrier
gas flow rate was set as 400 mL/min for subsequent experiments
to ensure the transport efficiency of Cd and Hg, which has the best
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Table 2. The interference of potential substances (n = 3)

Substances  Added®  Recoveryof Cd®  Recovery of Hg®
(mg/L) (%) (%)
K 300 93 107
P 300 99 98
Ca 300 101 103
Na 300 99 95
Mg 300 94 91
Al 300 93 109
Ba 300 100 100
Fe 300 94 107
Mn 300 98 103
Cu 30 95 95
zn 30 102 95
Pb 30 92 98
Cr 30 96 101
Ni 10 100 94
As 10 99 104
Co 10 101 99
Mo 10 98 104
Sr 10 94 105

2 A series of 100 uL of 100 pg/L Cd and Hg standard solutions containing
a substance at the above added levels were measured using the proposed
method. ® Recovery (%) is: measured concentration / added concentration
%100.

~
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Fig. 6 a) The influence of air flowrate for Hg, b) The influence of N./H,
flowrate for Cd. The other operational parameters are consistent with Table 1.
A soil CRM sample (GBW 07978 Cd=98+7 pg/kg, Hg=34+3 pg/kg) was
employed for solid sampling. The error bar represents the standard
deviation of three measurements (n = 3). The intensities were normalized
with the maximum signal (average value) set as 1.

analytical sensitivity and stability. A vacuum pump was placed at
the end of the instrument to inhale all the Hg analyte into the CPF?
and amalgamator. As shown in Fig. 6a, soil samples were used to
investigate the effect of vacuum pump flow rate on the analysis of
Hg. Hg signal intensity gradually increased as the gas flow rate,
reaching a summit with good stability at 800 mL/min. Therefore,
vacuum pump was controlled to generate air 800 mL/min for Hg
detection. In section 3.3, the introduction of No/Hz plays a crucial
role in the release and atomization of Cd. As shown in Fig. 6b,
mixture of air and N2/Hz completed the release and detection of
Cd, and the introduction of N2/Hz caused the signal to rise rapidly,
and the reach the highest at 150 mL/min for air (Fig. S6) and 200

www.at-spectrosc.com/as/article/pdf/2024276

521

mL/min for No/Hz. For N2/Hz flow rates of less than 100 mL/min,
no signal intensity was detected, because of the low N2/Hz do not
allow for the formation of stable hydrogen atomization flame.

Optimization of catalytic furnace temperature. Two catalytic
pyrolysis furnaces were designed and applied for matrix
interference in the detection of Cd and Hg in soil, where
compounds such as nitrogen oxides and sulfur oxides from soil
matrix were absorbed by the filler. CPF", filled with MgO,
absorbs compounds and particles and captures the Cd that is
released during the ashing process, while Hg is transferred to
CPF#, Mixture of MnO2 and CaO as filler for CPF?* absorbed
interferent from the Hg analyte and kept Hg atoms transport. As
shown in Fig. S7, the furnace temperature of CPF'* increased from
400 °C to 800 °C, and signal intensity of Cd increased and reached
peak at 700 °C. The furnace temperature for CPF? (Fig. S8) has
been increased from 250 °C to 400 °C, of which the maximum
signal intensity and optimum stability was found at 350 °C; lower
temperatures may not support the transport of Hg analytes. The
furnace temperatures of CPF'* and CPF? were finally set to
700 °C and 350 °C as the subsequent experimental conditions,
respectively.

Interference Study. Solutions for the Cd-Hg analyzer to reduce
the interference of complex soil matrices include the application
of matrix modifiers and dual catalytic pyrolysis furnaces. Standard
solutions of Cd and Hg at 100 pg/L ware analyzed by adding K, P,
Ca, Na, Mg, Al, Ba, Fe, Mn, Cu, Zn, Pb, Cr, Ni, As, Co, Mo and
Sr as potential interfering factors. The results are shown in the
Table 2 and the recoveries of Cd and Hg ranged from 91% to
109%, indicating no significant interference. As shown in Figs. S9
and S10, the curve for the soil with modifier is similar to that of
standard solution at the same levels of Cd and Hg, with peak area
ratios of 0.97:1 and 0.99:1 for Cd and Hg respectively. Therefore,
standard solutions can be used as external calibrations for direct
analysis of Cd and Hg in soil using matrix modifiers.

Analytical performance and application for real soil samples.
Under optimized conditions, the proposed method is immune to
complicated matrix interferences of soil only using the external
calibration of standard solution. The linearity regression
coefficients (R?) of Cd and Hg in the range of 5-500 pg/L were
greater than 0.999. On the basis of standard deviation and slope of
the standard curve from 11 times repeated measurements of the
blank solution, the method limits of detection (LODs) of Cd and
Hg were 0.3-0.7 pg/kg for 0.1 g soil samples, using LOD = 3 x
SD/K, of which SD is standard deviation and K is the slope of the
calibration curve. Relative standard deviations (RSDs) for Cd and
Hg were <<5% for soil samples (n=7), showing high analytical
precision. In order to verify the reliability of the proposed method,
11 CRMs and 4 collected soil samples (n = 3) were analyzed by
ICP-MS. As shown in Table 3, the concentration values of Cd and
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Table 3 Validation results for the analytical method.

Sample SS-ETV-AAS ICP-MS or certified Recovery SS-ETV-AAS (Hg) ICP-MS or certified (Hg) Recovery

(n=3) (Cd) (ng/g) (Cd) (ng/g) (Cd) (%) (ng/g) (ng/g) (Hg) (%)
GBWO07556 164.2+1.7 17111 96 135.0+2.0 134+7 101
GBW07981 193.5+5.9 200+10 97 76.2+3.4 75+4 102
GBW07983 168.5£0.9 17448 97 12.1£1.5 1543 81
GBWO07554 281.5+3.8 290+30 97 164.7+5.6 16149 102
GBW07540 179.9+4 .4 180+10 100 30.6+2.3 31+3 99
GBW07408a 131.3£5.0 140420 94 24.5+1.4 2745 91
GBW07408 117.7+0.8 130420 91 17.8+0.1 1743 105
GBW07978 91.0+£2.9 98+7 93 34.2+0.6 34+3 101
GBW07406 128.7+0.8 130430 99 72.5+1.6 72+7 101
GBW07542 188.7£3.9 190+10 99 11.2+0.5 1242 93
GBW07546 108.5+3.2 109+5 100 30.5+3.2 28+3 109
S1 85.7+1.2 88.2+4.0 97 74.3+5.1 71.7£2.2 104
S2 117.1£3.0 114.7£1.9 102 464+2.4 40223 115
S3 670.4+48.4 644.2+3.6 104 158.2+1.9 149.8+2.9 104
S4 152.0+£5.8 132319 115 69.0+4.8 70.044.1 99

For each sample, 100 mg of the prepared solid sample was measured. The results of this method are compared to the certified values in Cd and Hg
concentrations of CRMs; or to the measured values by the certified method for the recovery calculation. Recovery (%) is: SS-ETV-AAS concentration / ICP-

MS or certified concentration x 100.

Hg measured in 11 CRMs (GBW07556, GBWO07981,
GBWO07983, GBWO07554, GBWO07540, GBW07408a,
GBWO07408, GBWO07978, @ GBW07406, @ GBWO07542,

GBWO07546) were within the uncertainties of the certified values
and the recoveries of the proposed method for Cd and Hg were
among 81-115% with RSDs 0.3-10.1% The analytical ability of
the method proposed in this work is assessed by comparing the
other ETV methods in Table S4. The analysis time of this method
can be controlled ~3 min of analysis time without sample digestion
or slurry preparation.

CONCLUSION

In this study, a novel Cd-Hg analyzer based on newly integrated
ETV was designed to provide a rapid and sensitive method for the
determination of Cd and Hg in soil. The results show that a mixed
matrix modifier of NaCl: citric acid = 7:3 increases the recovery
of Cd in soil without affecting the vaporization and transport of Hg.
Using mixture of N2/H2 gas generator instead of high-pressure gas
cylinders is a greener and safer method and avoids complicated
digestion processes. The method is applicable to various soil
matrices and the method LOD for Cd and Hg can reach 0.3-0.7
ng/g at 0.1 sampling size, demonstrating excellent sensitivity and
stability for soils. The analysis time of the proposed method for
both elements can be controlled within ~3 min, providing a
portable, fast and green method for Cd and Hg detection in soil.
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