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A new strategy for overcoming limitations of sulfur 

determination in geological samples by wavelength 

dispersive X-ray fluorescence spectroscopy (WD-XRF) 

was developed. A new way of preparing the beads has been 

established, adding the quantity of sulfur-fixing agent 

required for the sulfur contained in the sample to form a 

stable sulfate compound, which suppresses the problem of 

sulfur loss during the fusion process. Twenty-four 

geological reference samples were used to calibrate and 

evaluate the analytical method. The sulfur fixation effect of 

sulfur-fixing agent BaO was better than that of sulfur-fixing agent CaO, the addition of sulfur-fixing agent BaO can effectively 

improve the accuracy of the results and the trueness of the method validation samples was -9.0-5.7%, showing good accuracy. The 

results of WD-XRF, inductively coupled plasma emission spectroscopy (ICP-OES) and combustion-IR detection were compared. 

With reference to the quality standard assessment proposed by the IGCP, from which it can be deduced that the method was adequate 

considering geochemical mapping application. 
 

 
INTRODUCTION* 

Sulfur is one of the important chemical 

elements in nature. Sulfur owns several inorganic 

species, and it has five valences including S -II, S 

0, S +II, S +IV and S +VI.1,2 Sulfur is a non-

metallic element that is routinely analyzed in 

geological samples, and it is also a must-test item 

in regional geological surveys.3 There are many 

determination methods for sulfur in geological 

samples. The traditional methods mainly include 

barium sulfate gravimetric method,4 spectro-

photometric method, combustion volume method5 

and tube furnace combustion. Modern instrumental 

determination methods include combustion-IR 

 
 

detection,6,7 wavelength dispersive X-ray 

fluorescence spectroscopy (WD-XRF),8,9 

inductively coupled plasma emission spectroscopy 

(ICP-OES)10,11 and ion chromatography (IC).12,13 

X-ray fluorescence spectrometry has the 

advantages of simple sample preparation, fast 

detection speed, high analysis accuracy, 

environmental protection and simultaneous 

determination of major and minor elements, so it 

has a wide range of application prospects.14-16  

However, there are few reports on the 

determination of sulfur in geological samples by 

WD-XRF. This is due to the large variety of sulfur-

containing minerals, which seriously affects the 

accuracy of WD-XRF determination methods in 
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complex geological samples.17,18 How to obtain 

accurate analysis values of sulfur using WD-XRF 

determination methods has become a major 

problem for analysts. In WD-XRF analysis, the 

geological samples need to be prepared in the form 

of beads or pellets.19,20 The use of pellets to 

analyze sulfur is faster, simpler, greener and more 

environmentally friendly, and can give full play to 

the advantages of WD-XRF. Mineral structure and 

matrix effects can seriously affects the accuracy, 

thus making it necessary to have calibration 

samples with the same mineral structure, particle 

size and chemical composition as the sample under 

study, which limits the application.21-23 If the 

sample is prepared in the form of beads, the matrix 

effect can be effectively eliminated, but the high 

melting temperature will cause sulfur volatilization.24 

In this study, a new way of preparing the beads 

has been established to suppresses the problem of 

sulfur loss during the fusion process. Samples were 

prepared in the form of beads to overcome mineral 

effect and particle size effect, in this procedure the 

required quantity of sulfur-fixing agent CaO and 

BaO was added respectively to combine with the 

sulfur present in the sample and form a stable 

CaSO4 and BaSO4 compounds respectively, thus 

eliminating the problem of sulfur loss during the 

fusion process. In addition, method validation and 

comparison with ICP-OES and combustion-IR 

detection were also performed. 

RESULTS AND DISCUSSION 

1. Study on valence and matrix effects  

of sulfur by WD-XRF 

Fig. 1 present the spectral lines and intensities 

obtained by monitoring the S Kα in the form of 

pellets and beads, respectively. The three S species 

prepared using FeS, Na2SO3 or Na2SO4 diluted in 

Na2CO3, respectively. The S content in all species 

was consistent with GSD23, both with 1.17% S. 

The diffraction angles (2θ) of S Kα lines of 

different species in the form of pellets were 

different, as shown in Table 1, which indicated that 

the lines had shifted, and the difference values of 

2θ were 0.09°. 2θ of S Kα lines of different species 

in the form of beads were very close to that of 

sulfate, which indicates that by adding oxidant to 

melt, low-valence sulfur is converted into sulfate 

sulfur.

  
Table 1 

The diffraction angles and fluorescence intensity of different inorganic sulfur species by WD-XRF 

Species 
Pellets (S Kα) Beads (S Kα) 

2θ/° Peak（Kcps） 2θ/° Peak（Kcps） 

GSD23 110.675 21.631 100.660 6.208 

Sulfide(S - II) 110.751 40.604 100.661 6.022 

Sulphite(S + IV) 110.685 32.496 100.660 5.408 

Sulphate(S + VI) 110.661 37.250 100.662 6.809 

 

 

Fig. 1 – S Kα spectra of different inorganic sulfur in the form of pellets and beads. 
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Matrix effect is one of the main errors in XRF 

analysis, especially for direct analysis in the form 

of pellets. Matrix effect is due to the change in 

characteristic X-ray intensity, caused by excitation 

(absorption) and scattering. As shown in Fig. 1 and 

Table 1, compared with the intensity of GSD23, 

the samples prepared with FeS, Na2SO3 and 

Na2SO4 in the form of pellets showed significant 

enhancement effect, approximately 1.9, 1.5 and 1.7 

fold greater intensity than S Kα of GSD23 line.  

When the sample is prepared in the form of 

beads, sample is diluted to minimize the matrix 

effect, while the formation of fused glass discs 

eliminates the influence of the mineral structure. 

However, the high temperature of the fusion 

process may cause the loss of sulfur in the sample 

due to volatilization, which can be avoided by 

adding a sulfur-fixing agent to the sample 

2. Preparation of the calibration curves 

Sulfur was determined by WD-XRF spec-

trometry using the analytical line Kα  

(2θ =110.683◦) with a 0.55 mm collimator and a 

Ge111 crystal, applying voltage/current of  

25 kV/160 mA and a flow detector. 

Because the fusion method was used to prepare 

the sample, the particle size effect and mineral 

effect of the sample are eliminated, and the matrix 

effect of the sample was reduced. However, due to 

the different content of major and minor elements 

in geological samples, the theoretical α coefficient 

was still needed for the matrix effect and the 

empirical coefficient was used to correct the 

overlap of the spectral lines. The comprehensive 

mathematical correction formula was illustrated in 

Eq. (1): 

 

)1(
N

1j

ij


•++−= jiimimii RkRLD 

（1） 

Where W is the mass fraction of analysis

 element i in the unknown sample, Di is the 

intercept of the calibration curve, Lim is the 

interference correction coefficient of spectral line 

that overlap the analysis element i; Rm is the count 

rate of the interference element m; ki is the slope of 

the calibration curve of the analysis element i; Ri is 

the count rate of the analysis element i; N is the 

number of coexisting elements; α is the factor to 

correct the matrix effect; i is the analysis element;  

j is the coexisting element. 

The S Kα line was used as the analysis line; the 

matrix correction elements were Ca, Fe, Si, Al, Na 

and K; the Mo Lα line was subtracted to eliminate 

overlapping spectral lines. 
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Fig. 2 – Calibration curve for sulfur with samples prepared in the form of beads without sulfur-fixing agent. 
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Fig. 3 – Calibration curve for sulfur with samples prepared in the form of beads with sulfur-fixing agent CaO addition. 
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Fig. 4 – Calibration curve for sulfur with samples prepared in the form of beads with sulfur-fixing agent BaO addition. 

 

Fig. 2-4 showed the calibration curves obtained 

when the samples were prepared in the form of 

beads without sulfur fixation sorbent, beads with 

sulfur-fixing agent CaO addition, and beads with 

sulfur-fixing agent BaO addition, respectively.  

Fig. 2 revealed a large data scatter, which 

corresponded to sample preparation in the form of 

beads without sulfur-fixing agent, possibly due to 

the loss of sulfur in the fusion process, so the curve 

cannot accurately determine the sulfur content in 

the sample. Fig. 3, which corresponded to sample 

preparation in the form of beads with the addition 

of sulfur-fixing agent CaO, showed a better 

correlation than Fig. 2. However, there were still 

obvious data scatter points, which may be due to 

the high temperature decomposition of CaSO4 to 

generate SO2, resulting in loss of sulfur. Fig. 4 

showed a good correlation due to the suppression 

of mineral structure and matrix effects, and the 

formation of stable BaSO4 due to the addition of 

sulfur-fixing agent BaO, which minimizes the loss 

of sulfur during preparation. 
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The detection limit used in WD-XRF analysis 

was calculated according the SUPER Q 5.0 

analytical software,25 using the Eqs. (2): 

  （2） 

Where m is the unit content count rate, Ib is the 

background count rate, tb is the background count 

time. After calculation, the LOD of the samples 

prepared in the form of beads without sulfur 

fixation sorbent, beads with sulfur-fixing agent 

CaO addition, and beads with sulfur-fixing agent 

BaO addition were 13.43 mg/kg, 13.57 mg/kg and 

13.51 mg/kg, respectively. The LOD did not 

change significantly before and after adding sulfur-

fixing agent.  

3. Method validation 

The proposed method was applied to determine 

sulfur in 16 samples containing different sulfur 

species, in which 4 samples were reference 

samples and the other 12 samples were prepared by 

using FeS, Na2SO3 and Na2SO4 diluted in Na2CO3. 

The samples were prepared in the form of beads 

with sulfur-fixing agent BaO to avoid sulfur loss. 

The results were shown in Table 2. The reference 

value, the measured value and the trueness (%RE) 

were provided for each sample. The obtained 

values of the reference samples and the three sulfur 

compounds were very close to the reference value, 

the relative error (%RE) was adopted to evaluate 

the trueness of seven replicates of each sample, 

and their values was located in a range of -1.6~-

5.4%, -5.3~1.5%, -9.0~2.0% and -1.2~5.7%, 

respectively, indicating a good accuracy. This 

result indicates that the sample was prepared in the 

form of beads for WD-XRD analysis of sulfur can 

significantly eliminate the matrix effect, and the 

addition of sulfur-fixing agent can effectively 

improve the accuracy of the results. 

4. Comparison of accuracy and precision 

In this work, 10 reference samples of soil, rocks 

and stream sediments were selected for the 

determination of S using WD-XRF, ICP-OES and 

combustion-IR detection. Each sample was 

independently measured 7 times by these three 

methods, and the measured value (n=7), the 

certified value, and trueness were obtained and 

illustrated in Table 3. 

 
Table 3 

Concentrations determined of S in reference samples by WD-XRF, ICP-OES and combustion-IR detection 

Sample 
Certified 

(mg/kg) 

WD-XRF ICP-OES Combustion-IR detection 

Measured 

(mg/kg) 

Truenes

s (%) 

RSD 

(%) 

Measured  

(mg/kg) 

Truenes

s (%) 

RS

D 

(%) 

Measured 

(mg/kg) 

Truenes

s (%) 

RSD 

(%) 

GSS2 210±43 207±4 -1.7 2.8 229±7 9.2 4 223±10 6.2 5.7 

GSS24 2000±300 1913±53 -4.4 3.7 1967±59 -1.6 4.1 2188±70 9.4 4.3 

GSS32 77±9 76±3 -1.5 5.4 81±1 5.7 2.3 74±6 -4.1 10.6 

GSS34 431±22 392±7 -9 2.4 436±14 1.2 4.3 426±13 -1.2 3.9 

GSD12 940±54 885±21 -5.9 3.1 922±33 -1.9 4.8 958±12 2 1.7 

GSD23 11700±900 12040±215 2.9 2.4 12002±276 2.6 3.1 
11313±31

8 
-3.3 3.8 

GSD27 1060±60 1126±42 6.2 5 1154±19 8.8 2.2 1023±21 -3.5 2.8 

GSD28 5520±170 4973±87 -9.9 2.4 5256±77 -4.8 2 5670±142 2.7 3.4 

GSR1 380±33 366±7 -3.7 2.5 371±6 -2.4 2.2 399±5 5 1.6 

GSR16 (690) 697±14 1 2.7 713±23 3.4 4.4 713±7 3.4 1.4 

Measured values are for mean±confidence interval for an 95% confidence level of seven replicate measurements (n=7); Values in 

parenthesis are reference value 
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Fig. 5 – Test proposed by IGCP for accuracy evaluation in geochemical mapping. The dotted line is the quality control line. 

 
All the trueness of sulfur determination were 

better than 9.9% for WD-XRF and better than 
9.2% for ICP-OES and better than 9.4% for 
combustion-IR detection. This showed that the 
determination of S by WD-XRF in the form of 
beads with sulfur-fixing agent BaO displayed good 
trueness. Precision of seven replicates of each 
sample was expressed as the relative standard 
deviation (%RSD). The result in Table 3 indicated 
that for all samples the %RSD values were better 
than 10% by using WD-XRF and ICP-OES. WD-
XRF and ICP-OES had similar precision, the RSD 
values were better than 5.4% and 4.8%, 
respectively, performing good precision. The 
values measured by combustion-IR detection 
fluctuated significantly, especially the values for 
low sulfur content, the value of GSS32 sample was 
10.6%. Consequently, the WD-XRF method 
established in this work is an effective method for 
the determination of sulfur in geological samples. 

In addition, the fitness for purpose of the results 
was also evaluated by the quality test proposed by 
the International Global Geochemical Mapping 
Program (IGCP),26 which compares the differences 
between measured and certified values by the 
expression of Δlog C ( log Cs–log Ci), where Cs 
and Ci are the measured and certified value, 
respectively. According to IGCP standard, the 
reference samples measured in this work would be 
considered Δlog C between ± 0.05 for S. Fig. 5 
was the plots obtained by performing the IGCP test 
to the results of sulfur by WD-XRF, ICP-OES and 
combustion-IR detection. The result indicates that 

the accuracies of the three methods have similar 
accuracy, and all Δlog C are between -0.05 and 
0.05, performing acceptable accuracy. It can be 
deduced that considering the application of 
geochemical mapping, the method of determining 
S using WD-XRF is adequate. 

EXPERIMENTAL 

1. Instrument 

The pellets were formed in a hydraulic press (BRE-33, 

maekawa, Japan). The beads were prepared for WD-XRF 

analysis in a automatic fusion bead machine (Eagon 2, 

PANalytical, The Netherlands). WD-XRF analysis was 

performed with a PANalytical AxiosmAX WD-XRF 

spectrometer with Rh-target tube, coupled with a PW 4400 

automatic sample changer and provided with a SUPER Q 5.0 

suitable software. Comparisons of S concentrations were 

obtained using an ICP-OES (iCAP 6000, Thermo Scientific, 

USA) and combustion-IR detection (COREY-205, KERUI, 

China). The optimized measuring conditions of the 

instruments were shown in Table 4. 

2. Materials 

The following reference materials were used for calibration in 

WD-XRF analysis: GSR1-2, GSR4, GSR18-20 (rocks, IGGE, 

China); GSD4-6, GSD12, GSD16, GSD21, GSD23, GSD27-28, 

GSD3a, GSD5a (stream sediments, IGGE, China); GSS6, GSS14, 

GSS18, GSS20, GSS22, GSS24, GSS28 (soil, IGGE, China); 

method validation and comparative experiments were carried out 

using the following reference samples: GSS2, GSS24, GSS32, 

GSS34 (soil, IGGE, China); GSD12, GSD23, GSD27, GSD28 

(stream sediments, IGGE, China); GSR1, GSR16 (rocks, IGGE, 

China). 
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Table 4 

Operating parameters of WD-XRF, ICP-OES and combustion-IR detection 

WD-XRF ICP-OES Combustion-IR detection 

Item Parameter Item Parameter Item Parameter 

Line Kα Pump rate 50 rpm Temperature 25 °C 

Crystal Ge (111) Nebulizer gas flow 0.6 L/min Oxygen supply pressure 0.08 MP 

Collimator 550 μm Centre tube 2.0 mm Oxygen flow 2.5 L/min 

Voltage 25 kV RF forward power 1150 W Cleaning time 30 s 

Current 160 mA Auxiliary flow 0.5 L/min Heating time 25 s 

2θ/(°) 110.679 Integration time 15 s UV / 10 s Vis Analysis time 40 s 

PHD1 LL 21 Emission line S 182.034 nm   

PHD1 UL 79     

Detector F-PC     

 

High purity water (18.2 MΩ cm resistivity) was obtained 

from GN-RO-500 Total Water System (Shuangfeng, Beijing, 

China). S standard solutions, containing 100 mg/L S, were 

used to prepare the ICP-OES calibration curve by the 

appropriate dilution of stock standard solution containing  

1000 mg/L S (IGGE, China). CaO, BaO, HCl, HF, HClO4, 

HNO3, Na2CO3, FeS, Na2SO3 and Na2SO4 were all guaranteed 

reagent (Beijing Fuxing Chemical Industry Co. Ltd, China). 

Iron flux (purity>99.8%, particle size <1.25 mm,) and 

tungsten flux (20-40 mesh, purity≥99.95%) was supplied by 

Tiangang Co. Ltd, China.  

3. Sample preparation in the form of beads 

Accurately weigh 0.7000 g of the sample dried at 110°C in 

a porcelain crucible, and then weigh 7.0000 g of mixed flux 

(Li2B4O7:LiBO2=12:22). After stirring evenly with a wooden 

stick, moved it into a platinum crucible, added 2 ml of lithium 

nitrate solution and 2 drops of saturated lithium bromide 

solution, and oxidized at 600°C for 3 min, heated to 1100°C to 

melted for 10 min. Pour the melt into the mold, cooled and 

peeled off.  

Beads were also prepared with and without the addition of 

as sulfur-fixing agent (CaO and BaO), adding a constant 

quantity of CaO and BaO in powder form to the foregoing 

ingredients (sample, flux, and release agent). 

4. Sample preparation for total sulphur  

determinations by ICP-OES 

0.2500 g of the sample was placed in a 50mL teflon 

beaker, 2.5 mL of nitric acid, 2.5 mL of HCl, 5 mL of HF, and 

1 mL of HClO4 were added. Closed the lid, shook, and left it 

overnight. Placed the beaker on a hot plate, removed the lid, 

rinsed with a small amount of water, heated and decomposed 

at 190 to 210°C, and dried it until the white smoke is 

exhausted (If the sample was not completely decomposed, 

HNO3 and HF was added before evaporating to dry). 5 mL of 

50% HCl was added and heated on a hot plate until the solid 

salts were completely dissolved. The beaker was removed and 

cooled, and the solution was transferred to a 25 mL 

polyethylene colorimetric tube, which was supplemented to  

25 mL with pure water, and then measured after 4 h. 

5. Sample preparation for total sulphur  

determinations by combustion-IR detection 

0.4 g of iron flux was placed in a porcelain crucible, 0.08 

g of the sample was placed, The surface of the sample was 

covered with 1.5 g tungsten flux. The crucible was placed on 

the crucible rack of the combustion-IR detection. After the 

analysis heating was started, the sulfur release curve in the 

sample was displayed in the data display area of the software. 

CONCLUSIONS 

In this paper, trategies for overcoming 

limitations of sulfur determination in geological 

samples by WD-XRF was developed. When the 

sample was prepared in the form of beads, sample 

was diluted to minimize the matrix effect, while the 

formation of fused glass discs eliminates the 

influence of the mineral structure.The addition of 

sulfur-fixing agent can effectively avoid the 

volatilization loss of sulfur in the sample caused by 

the high temperature of the fusion process. The 

sulfur fixation effect of sulfur-fixing agent BaO was 

better than that of sulfur-fixing agent CaO. The 

method validation indicated that the addition of 

BaO can effectively improve the accuracy of the 

results. Furthermore, with reference to the quality 

standard assessment proposed by the IGCP, it can 

be deduced that the method is adequate considering 

geochemical mapping application. Compared with 

ICP-OES method and combustion-IR detection 

method, the WD-XRF method established in this 

work is an effective method for the determination 

of sulfur in geological samples. 
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