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Modelling of the relationship between trace elements

and three species of sulfur in coal”
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Abstract—FBased on the determination of several trace elements in coal particulate of different specific gravity, three-
variables regression equations relate the contents of trace elements Be, Cd, Co, Pb, Cu, Ni, As and three species of
sulfur in coal were well established. For elements Cd, Co, Ph, Cu and Ni, the regression equations were successfully
used for prediction of these trace elements in individual part of coal with different specific gravity. Factor anslysis was
also used to analyze the dsta sets. The results showed that a three factor model can interpret the data sets reasonably.
Trace elements Cd, Co, Pb, Cu, Ni, norganic sulfide and total sulfur in coal are high correlated with the first factor.
Trace elements Be, sulfate and organic sulfide are high correlated with the second factor and trace elements Cr and As
are high correlated with the third factor. The factors can be interpreted by the chemical properties of these elements.
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1 Introduction

Coal combusrion produces not only large amount of gaseous pollutants but alsa large quantity of
particulate matter. The particulate matter emitted through the stack is the most important source
of trace heavy metals in atmosphere. Because of the environmental impact of heavy metals, there is
a growing interest in the study of trace elements in coal (Solari, 1989; Evans, 1990; Skeen,
1990). From mine to combustion, various trace elements in coal are released into environment and
most of them are potentially toxic to plants and animals under certain conditions and
concentrations.

The concentration and distribution of trace elements in coal are important for prediction of
their behavior on release into atmosphere when coal is burnt. Different trace elements behave
differently in coal combustion. Generally trace elements associated with the organic matter and
inorganic sulfides volatilize more readily in coal combustion and are enriched in the submicrometer
fly ash by volatilization and condensation mechanisms (Linak, 1986; Flagan, 1981).

Depending on their chemical properties and the physicochemical processes which oceur during
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the coal formation, trace elements can exist in the mineral matter, in the organic matter or in both
(Nichols, 1968; Raask, 1985). There have been several studies on the concentration and
distribution of trace elements in coal. Gluskoter et al. (Gluskoter, 1974) proposed an empirical
method to determine the affinity of trace elements with the organic coal matter. Regression analysis
and factor analysis are multivariable statistical methods commonly used in studying the corrclation
relationship between variables. Solari et al. {Solari, 1989) developed a multivariable regression
model for the partial concentration of trace elements in the organic and inorganic matter. Using
Solari’s model, Pires and Teixeira ( Pires, 1992) studied the concentration and association of these
elements in the organic, suifide and non sulfide fractions of Leao coal. Factor analysis was used to
study the distribution of trace elements in seven Chinese coals and the mathematical interpretation
was proved by the experimental results (Lu, 1995). The results of these statistical method showed
the relationship between trace elements and the organic and inorganic substances in coal. Up to
now, no research work on the relationship hetween the contents of trace elements and three species
of sulfur in coal was reported. In order to study the relationship between trace elements and
different species of sulfur and 10 assess the environmental cffects of trace elements produced from
coal combustion, in this work, based on the determination of some trace clements in particulate of
coal with different specific gravity, regression analysis and factor analysis are used for modelling the
relationship between the contents of trace elements and three species of sulfur in coal particulate of
different specific gravity in this paper. The results of this paper are of significance for the

investigation of decreasing the heavy metal pollution of atmosphere caused by coal combustion.

2 Experimental

2.1 Classification of coal inte different specific gravity

A cozl sample of Qingshan bituminous was crushed to an average particle size of 50—60um.
Six solvents of different specific gravity (Table 1) were used for sequential classification of coal and
seven samples of different specific gravity were obtained. In each step, the coal powder on the

upper part of the solvent was collected and the bottom part was used in the ncxt step.

Table 1 Preparation of solutions with diffcrent specific gravity

No. 1 2 3 4 5 6
COmpOSi.liOﬂ QHjOH Hzo C!—iﬁ:!z CCl, CC]4 + CH3I CILI
Specific gravity 0.76 1.00 1.30 1.60 1.92 2.28

2.2 Determination of trace elements and three species of sulfur in coal

The seven samples of different specific gravity were digested and then the trace elements Be,
Cd, Co, Pb, Cu, Ni, Cr and As were determined by ICP-AES and GFAAS. The sulfate (SO,)
and total sulfur ( TS) were determined by BaSO, gravimetry znd inorganic sulfur (IS} was
determined by K,Cr,O; oxidation-reduction titration {(Bai, 1990). The organic sulfide (OS) was

calculated by subtraction.
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2.3 Computation
The computer programs of regression analysis and factor analysis in the advanced statistical
package SPSS/PC+ (Norusis, 1986) were used to analyze the data sets.

3 Results and discussion

The concentrations of trace elements and (hree species of sulfur in the coal samples of different

speeilic gravity are listed in Table 2.

Table 2 Concentrations of trace elements and three species of sulfur in coal with different specific gravity

No. 1 2 3 4 5 6 7
Specific gravity <0.76 ¢.76—1.0  1.0—1.3 1.3—1.6  1.6—1.92 1.92—2.,28 >2.28
TS, % 0.675 0.721 0.873 (.837 0.882 1.873 - -
S0, % 0,046 0.054 0.063 0.070 0.073 0.075 - -
18, % 0.191 0.248 0.59 0.580 0.657 1.794 - -
08, % 0.498 0.419 0.214 0.187 0.153 0.003 - -
Re, ug/g 0.13 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Cd, pe/g 174 1.86 2.36 2.50 2.30 5.70 10.2
Co, pe/g 6.61 7.18 7.40 7.48 6.90 9.86 10.3
Pb, ug/g 24.5 4n.3 493 45.9 54.4 111.4 187.9
Cu, pg/g 16.9 19.1 20.5 212 21.8 33.8 44.8
Cr. pg/g 12.3 10.5 10.1 18.3 12.4 15.9 284
Ni, ug/g 19.2 17.5 22.6 20.1 18.6 247 203
As, pile 24.7 12.9 10.1 27.9 12.0 21.9 39.8

3.1 Regression models

Solari proposed a regression madel to study the distribution of trace elements in coal ( Solari,
1989). H there are J kinds of organic components and K kinds of inorganic components in coal,
then the concentration of a trace element C in coal is:

J K
C= ZCo,-Woj + 2 CaWa, (1)
=1

i=1
where C,; and C;; are the contents of the trace element in organic component j and inorganic
component & in coal respectively. W,; and W, are the percentages of organic component § and
inorganic component % respectively. If the W, and Wy of all kinds of organic and inorganic
components are known, the partial concentration of the trace element in all components can he
obtained by regression analysis. In fact it is impossible to get all the W,, in this paper we assume
that the trace elements exist in sulfates, inorganic sulfides, organic sulfides and other unknown
components. So the model followed can be used to fit the data of trace elements, three species of

sulfur and other unknown components:
1
C=CW,+CGW, + CW, + 2,C,W,, (2)
. i=1

where C,, C, and C, are the concentrations of trace element in organic sulfides, inorganic sulfides
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and sulfates in coal respectively. W,, W, and W, are percentages of organic sulfides, inorganic
sutfides and sulfates in coal respectively. C,, and W, are the concentrations of trace elements and
percentages of other unknown components in coal. Based on model (2), a linear regression mode!
with threc independent variables was used to fit the data sets in Table 2 for every trace element:
Y =46+ 5, X, + 5,X; + b3 X5, (3)
where X;, X, and X, are percentages of sulfates, inorganic sullides and organic sulfides in coal
samples of different specific gravity respectively, Y is the concentration (ug/g) of trace element in
corresponding samples. In this paper the samples No.1, 2, 3, 4, and 6 are used to establish the
regression models and the sample No. 5 is used {or prediction of these equations. For the eight trace

elements the linear regression equations and correlation coefficients are shown in Table 3.

Table 3 Regression models between trace elements and three species of sulfur

Elements Regression equations Correlation coefficients
Be Y =0.145-2.76X, + 0.0389X, + 0. 122X, 0.7760
Cd = —0.952+11.27X, +3.23X,+3.23X, 0.9966
Co Y=6.49-12.43X,+2.38X,+1.03X, 0.9671
Pb Y= -51.47+791.3X, +57.50X, + 67.93X; 0.9500
Cu Y=-7.99+248.8X +12.84X,+23.25X, 0.9970
Cr Y= —37.98+588.6X,+5.33X,+41.60X; 0.6278
Ni Y=81.24-716.1X, - 1.49X, - 58.25X, 0.9871
As Y= ~75.11+925.3X,+15.19X, +98. 94X, 0.3934

The regression equations in Table 3 show that for trace elements Cd, Co, Pb, Cu and Ni,
there are good linear relationships between the concentrations of trace elements and the percentages
of sulfates, inorganic sulfides and organic sulfides. The large correlation coefficients of these
equations show that there are high correlation between these elements and three species of sulfur in
coal. Trace elements Be and Cr also show certain correlation with three species of sulfur in coal,
while trace element As shows low correlation with three species of sulfur in coal. The results of
regression analysis van be interpreted by the association of these trace elements with three species of
sulfur. Many research work showed that trace elements Cd, Ph, Co, Cu and Ni exist in coal
mainly with inorganic sulfides and trace element Be generally associates with orgeanic sulfides or
some times with sulfates (Pires, 1992; Lu, 1995).

Using these regression equations, the concentrations of trace elements in sample No. § are
predicted in Table 4. It shows that for most of these trace elements the results predicted by these

equations are in good agreement with those determinations.

Table 4 Prediction of sampie No. 5§ by the regression models

Be Cd Co Pb Cu Cr Ni As

Predicted 0 2.48 7.30 54.4 22.2 14.9 19.1 17.6
Determined <0.01 2.30 6.90 54.4 21.8 12.4 i8.6 12.0
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3.2 Factor models

In this work the original data set was used in factor analysis. Table 5 is the correlation matrix

of twelve variables. In factor analysis if the correlation coefficients between variables are small, it is

unlikely that the variables are appropriate for the factor model. Table 5 shows that most correlation

coefficients are large. All variables have large correlation with others. So the matrix is appropriaie

for factor analysis.

Table § Correlation matrix of twelve variables

TS 50, I3 0s Be Cd Co Fb Cu Cr Ni As
TS 1.000
S0, 0.633  1.000
18 0.988 0.738 1.000
08 -0.781 -0.965 0.867 1.000
Be -.321 -0.745 0.411 0.679 1.000
Cd 0.997  0.630 0.986 —0.785 -0.332 1.000
Co 0.973  0.596 0.953 -0.747 -0.404 0.981 1.000
Fb 0.982  0.736 0.988 —0.85¢ —0.491 0.976 0.957 1.000
Cu 0.990 0.721 0.993 ~0.840 —0.439 0.989 0.967 0.995 1.000
Cr 0.427  0.539  0.470 -—0.505 —0.145 0.487 0.464 0.400 0.471 1.000
Ni G.818  0.501 0.831 -0.705 -0.227 0.826 0.824 0.778 0.77% 0.313 1.000
As 0.166 -0.029 0.141 0013 0.421 0.227 0.204 0.044 0©0.141 0.812 0.137 1.000

The principal component analysis was used to estimate the initial factors. The initial statistics

from principal component analysis of the correlation matrix are listed in Table 6. It shows that

more than 95% of the total variance is attributable to the first three factors. The remaining nine

factors together account for only less than 5% of the variance. So a model with three factors may

be adequate to represent the data set.

Tahle 6 Initial statistics
Factor Eigenvalue Percent of variance Cumulate percent
1 8.39130 69.9 69.9
2 1.89054 15.8 85.7
3 1.18625 9.9 95.6
4 r.31800 2.7 98.2
5 0.21390 1.8 100
6 0.00000 0.0 100
12 0.00000 0.0 100

From the estimation of factor number of 3, the initial factor matrix and the varimax rotated

factor matrix were obtained and shown in Table 7. In the rotated factor matrix, the first factor F,
shows high correlation with variables TS, IS, Cd, Co, Pb, Cu and Ni in coal. It can be
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interpreted by the similar chernical properties of these elements, i.e., these trace elements have a
strong tendency 1o associate with inorganic sulfides in coal. It is coincide with the results of
regression analysis. The second factor F; show high correlation with variables S0,, 08, and Be.

It means that Be is generally associated with organic substances and sulfates in coal.

Table 7 Faclor matrix of factor analysis

[nitial factor matrix Rotated factor matrix
F Fa Fy F Fa k3
TS (.9629 . 0680 0.2377 b. 5607 0.2177 0. 1348
S0, 0.7993 -U.2677 -0.4955 0.4396 0.8520 0.1923
S (}.9884 0.0154 0,1242 0.9243 0.3386 0.1537
s -.9079 0.2215 ¢.2798 -0.6417 -0.7205 -0.1439
Be - 0.5076 0. 6554 0.4627 -0.1710 -0.9102 0.2089
Cd 0.9699 01177 0.1955 0.9502 0.2240 0.1992
Co 0.9524 0.0839 0.1967 0.9330 4.2337 0.1667
Pb 0.9788 - 0.0862 0.1333 0.9125 0.3830 0.0620
Cu 0.9834 0.0101 0.1171 0.9161 0.3444 0.1518
Cr 0. 5407 0.6194 - 1. 5676 U.2468 0.3083 0.9177
Ni 0.8214 0.0606 0.30%1 0.8714 0.1034 0.0707
As 0.1622 0.9584 —0.2245 0.1070 -0.2879 0.9491

According to the three factor model, factor score were calculated and shown in Table 8. The
factor score on F; and F, were used to classify the twelve variable in Fy-F; coordinate system. The
classification of the variables is shown in Fig. 1. It shows that variables TS, IS, Ph, Cu, Co, Cd,

Ni locate closely in F;-F, coordinate system. It also means the similarities of these elements.

Table 8 Factor score coefficlent matrix

Factor 1 Factor 2 Factor 3
TS 0.1993 -n.1122 —0.0480
S0, - 0.1284 0.4175 0.1132
IS 0.1539 ~-0.0274 —0.0220
(OS] 0.0278 —-0.2799 - 0.0440
Be 0.1611 -0.4936 0.079%
Cd 0.1850 -0.1007 -0.0077
Co 0.1823 —-0,0926 —0.0236
Ph 0.1524 -0.0042 -0.0712
Cu 0.1502 -D.0218 -0.0215
Cr —-0.1487 0.1928 0.5302
Ni 0.2136 -0.1631 -0.0813

As -0.0354 -0.1312 0.5241
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Fig.1l The classification of the variables

4 Conclusions

The lactor model and regression model of trace elements in Qingshan bituminous of different
specific gravity show that trace elements Cd, Co, Cu, Pb and Ni associate with inorganic sulfides,
while trace element Be associates wilh organic sulfide or sulfates in coal. These results are coincide
with those of our experimental research work (Iu, 1995). Because the trace elements associated
with organic and inorganic sulfides vaporized easily and enriched in {ly ash {Linak, 1986; Flagen,
1981), so it can be predicted that in the process of ccal combustion, trace elements Cd, Co, Ph,
Cu and Ni are more readily vaporized and enriched in submicrometer fly ash particulate and result in

harmiul impact to the atmospheric environment than other trace elements.
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