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Abstract: A novel experiment was carried out for the removal of organic sulphur by the electron transfer
process. In these experiments, the effect of conventional and microwave heating were investigated on the
desulfurization of organic sulphur. The aim of the study was formed soluble metal-organic sulfur bonds using
Pd*2, Sn?" and Sb*" metal ions of variable valence state. In this way, it was tried to create a mechanism that
cleavage the C-S bonds. Desulfurization occurs by breaking the aliphatic sulfur bonds of metal ions with high
negative oxidation potential. As a result of the studies, 24.30% of total sulfur was removed with Pd** ion. In
microwave heating, it was determined that higher organic sulfur was removed in less leaching times.
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Baz1 Metal Tuzlariyla Komiirden Organik Siilfiiriin
Desiilfiirizasyonuna Klasik ve Mikrodalga Isitmanin Etkisi

Oz: Bu c¢alismada, organik kiikiirdiin elektron transfer islemi ile uzaklastirilmasi arastirilmistir. Deneylerde,
organik kiikiirdiin uzaklastirilmasinda klasik ve mikrodalga 1sitma teknikleri kullanilmistir. Caligmada farkli
degerlikli Pb, Sn ve Sb metal iyonlari kullanilarak ¢oziinebilir metal-organik kiikiirt baglarinin olusturulmasi
amaglanmigtir. Bu sayede, C-S baglarin1 parcalayan bir mekanizma olusturulmaya c¢aligilmistir. Bdylece,
yiiksek negatif oksidasyon potansiyeline sahip metal iyonlariin alifatik siilfiir baglarinin kirilmasiyla kiikdirt
uzaklastirma saglanabilmistir. Caligmalarin  sonucunda toplam siilfiirin ~ %24.30'u Pd* iyonu ile
uzaklastirilmigtir.  Ayrica, mikrodalga 1sitmada, daha kisa zamanda daha yiiksek organik siilfiiriin
uzaklastirildig: belirlenmistir.

Anahtar Kelimeler: Elektron transfer yontemi, Desiilfiirizasyon, Organik kiikiirt, Kémiir, Mikrodalga

Introduction

To increase the calorific values of our lignite, washing processes are generally carried out in
coal preparation facilities and non-coal materials are tried to be removed by physical methods.
In this way, the ash content of our low-quality lignite is reduced and their calorific values are
increased, making them usable in thermal power plants and in houses for heating purposes.
However, the utilization of high sulphur coals has been a great concern, especially for
combustion processes because of the emission of SO, to the atmosphere which causes severe air
pollution and formation of acid rain [1, 2].

Sulphur in coal occurs in the forms of elemental, sulfate, sulphite and organic sulphur as four
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groups [3]. The most important sulphur forms in coal are sulphides (pyritic) and organic sulphides.
Sulfide minerals defined as sulfites are generally pyrite (FeS,) and marcasite (FeS,) type minerals.
Such sulphur sources can be removed from coal by gravity, magnetic or physicochemical and
chemical methods, providing a reasonable degree of attenuation [4-6]. With these methods, only 10-
40% of the total sulphur is removed. Most of the remaining sulfur is organic sulfur. Organic sulfur
is molecularly linked to coal as part of coal. Therefore, it is very much important to understand the
precise nature and type of organic sulphur compounds present in coal as these are prerequisites for
efficient desulphurization. Organic sulfur is generally accepted in 3 classes. These; aliphatic
sulphur, aromatic sulphur, and thiophene sulphur [7]. Separate of these sulfurs from coal by
physical methods are quite difficult. A vast majority of the methods are concerned with chemical
processes. Some chemicals used in these methods are hydrogen peroxide, sulfuric acid, nitric acid,
peracetic acid, potassium permanganate, sodium dichromate, methanol ethanol, acetic acid,
hydrochloric acid, hydroiodic acid, potassium hydroxide, and sodium hydroxide [8-33].

Another chemical method is the electron transfer method. A study applied the electron transfer
method by using coals that have completely removed the inorganic sulfur to remove the organic
sulfur contained in the coal [34]. In a study, the researcher used ferrocyanide ions as an electron
transfer reagent. The researcher stated that more than 30% of organic sulfur can be removed. In
another study, after the oxidation process at different temperatures, both in the raw coal and with
mercury-treated high-sulphur India Meghalaya coals used the electron transfer method [35]. The
highest rate of desulphurization was obtained as 19.17% in the presence of naphthalene in coal,
while it was realized as 17.78% in the coal threatened with mercury. By applying this method,
27.38% of the organic sulphur could be removed in the raw coal, while this ratio was 28.45% in the
mercury treated coal. In another study, researchers examined the effect of mercury on sulfur
removal using the same coal [36]. They determined that mercury both accelerates oxidation and is
an effective substance in sulfur removal. In a similar study, metal ions (Cu®*, Co*, Ni**, Sn**, and
Sb**) used the separation of C-S bonds investigated the formation of soluble metal-organic sulphur
bonds [2]. As a result of their research, they were able to remove 9.4% of the total organic sulphur
with Sb*. They suggested the following mechanism of organic sulfur removal in their work (Eq 1-
3).

Step 1 M™ + x(Naphtlane) - (Naphtlane),M®@+)+ Q)
I
Step 2 x(R—S—R)+1-x(R—5)" +xR + x(Naphtlane) + M™* )
11
Step 3 I+ 11 - (R—R)+ x(Naphtlane) + (M,S,,) 3)

111

The interaction of metal ion with naphthalene forms naphthalene radical anion, I (step 1) which
subsequently reacts with organic sulphur compound forming Il (step 2). The compound Il might be
soluble in the medium. The radical anion | may further react with the compound Il and form
insoluble metal sulphide 111 (step 3) [2].

In another study similarly leached with peracetic acid (C,H4O3) in the presence of metal ions to
remove sulfur from coal [37]. During these processes, Cu**, Ni**, Co?*, Sn?*, Pd®*, Sb*" used metal
ions. They achieved the highest sulfur removal with Pd®* ion. After 4 hours of leaching, they
removed 32.32% of organic sulfur.

Unlike these studies, some studies were used ultrasonic waves and microwave energy to remove
organic sulfur. The positive effect of microwave irradiation as a pretreatment for subsequent
desulfurization with peroxyacetic acid has been reported in an earlier published work [38]. In this
way, they removed the maximum 86.6% of total sulfur and 35% of organic sulfur. Also, another
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researcher tried to remove sulfur from coal using microwave energy [39]. In their studies, they pre-
washed with HNO3; and removed sulfur from the coals by microwave. Thus, 47.1% of the total
sulfur was removed. The other researchers tried to remove sulfur from Cayirhan and Gediz coals
by the oxidation method [19]. For this, they leached the coal with peracetic acid (peroxyacetic acid)
(C2H405). They used an ultrasonic wave to speed up the reaction process. In this way, they removed
more sulfur.

In this study, the electron transfer process was used for the desulphurization of organic sulphur
from Turkish coals. Pd®*, Sn** and Sb** metal ions were used in this method. The work was done
with both classical heating and microwave heating. Each metal ion was worked with both
conventional heating and microwave heating. Also, the effect of heating parameters had been
determined.

2. Experimental Methods
2.1. Materials

The sample was obtained from the Tuncbilek coal mine in Turkey. Proximate and ultimate analysis
of the sample, as well as the total, pyritic and sulfate forms of sulphur are shown in Table 1.
Different forms of sulfur were determined using ISO methods 334 and 157 [40, 41]. According to
the results of the analysis, it was determined that the coal sample to be used in the study contains
3.05% of this amount was organic sulphur.

Table 1. The results of the coal analysis

The Coal Analysis

Total Moisture % 1.60
Ash % 53.04
Volatile Matter % 25.84
Fixed Carbon % 19.52
Lower Heating Value Kcal/kg 3,115
Elementary Analysis

Carbon % 30.33
Hydrogene % 2.58
Azote % 0.92
Oxygen % 6.07
Total Sulphur % 3.89
Organic Sulphur % 3.05
Pyrite Sulphur % 0.29
Sulphate Sulphur % 0.55

2.2 Preparation of Coal

Coal samples were reduced to below 0.5 mm with the jaw crusher and hammer mill to increase the
surface area of the coal grains. These samples were used in organic desulphurization experiments.

2.3 Preparation of Metal Salts and Treatment of Coal
Experiments were carried out using the coal samples prepared above. PdCl,, SnCl,, and SbCl; metal

salts were used in the studies. we have proposed the following mechanism for the removal of
sulphur from organic sulphur compound (Eqg. 4)
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(R—-S—R)+M" - (R—R)+ M,S, 4

Organic desulphurization experiments were performed using both conventional heating and
microwave heating techniques using the following parameters (Table 2). Samples were prepared in
advance for experiments in 250 cc beakers.

In the conventional heating method, a magnetic stirrer with heating was used to heat the solution. In
microwave heating techniques, Lab-Kits brand MW-ER-02 model ultrasonic/microwave reactor
was used. Microwave power was used to heat the solution. In these experiments, ultrasonic waves
were used for mixing. The solid materials were filtered out, washed with distilled water and finally,
the solid materials were dried in an oven at 100 °C for 2 h. The sulphur removal rate (SRR) was
calculated by sulphur analysis as follows (Equal 1).

Sulphur removal rate (%) = ﬁixwo (5)
F

where SF: sulpfur content of feed (%), SC: sulphur content of coal after experiment (%)

Table 2. Conventional and microwave heating test parameters.

Heating Process Independent variable Symbol Minimum Maximum
Chemical concentration (M) KK 0.1 0.3
Reaction Temperature (°C) S 30 90
Conventional Heating ~ Time (m) z 30 120
Mixing Speed (rpm) KH 600 1350
Solid Ratio (%) KO 5 20
Chemical concentration (M) KK 0.1 0.3
. . Time (m) z 5 20
Microwave Heating Microwave power (W) MG 400 1200
Solid Ratio (%) KO 5 20

2.4 Statistical Analysis

Statistical methods are used to analyze the data gathered to obtain information from observations
and to draw correct meanings. The purpose of statistical experiment design is to obtain maximum
meaningful data with minimum time, resource and expenditure. Today, statistical analysis methods
are used in almost every branch of science. In this study, statistical analysis methods were used.

In this study, response surface methods, one of the statistical experimental design methods, were
used. In the experiments, the experiment program prepared using the Box-Behnken design
technique was used. Experimental design and statistical analyzes were done using Minitab 16
statistical experiment design program. With selected independent parameters and levels, 46
experiments (6 central points) in Conventional heating and 27 (3 central points) in microwave
heating were determined. The experimental set prepared for conventional heating was given in
Table 3 and the experimental set prepared for microwave heating was given in Table 4. The tables
show the minimum levels -1, the maximum levels 1, and the intermediate levels 0. With the data
obtained as a result of the experiments, 2"%-degree models that define the removal of sulfur rate
have been produced.
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Table 3. Experimental coding for conventional heating.

Exp. No Independent variable Exp. No Independent variable
KK S Z KH KO KK S Z KH KO
1 0 0 0 0 0 24 0 0 0 0 0
2 0 1 0 1 0 25 0 0 0 0 0
3 0o -1 0 0 1 26 1 0 0 -1 0
4 0o -1 0 0 -1 27 0 0 0 0 0
5 1 0 1 0 0 28 -1 0 0 -1 0
6 0 1 1 0 0 29 0 0 0 0 0
7 o -1 0 -1 0 30 1 0 0 0 -1
8 0 0 0 -1 1 31 0 0 1 0 -1
9 0 0 1 1 0 32 -1 0 0 1 0
10 0 -1 1 0 0 33 0 0 1 -1 0
11 -1 1 0 0 0 34 -1 0 1 0 0
12 0 1 0 - 0 35 0 0 -1 -1 0
13 1 0 -1 0 0 36 0 0 0 1 -1
14 0 0 0 1 1 37 0 0 0 -1 -1
15 0 0 1 0 1 38 -1 -1 0 0 0
16 1 1 0 0 0 39 0 -1 -1 0 0
17 0 0 -1 1 0 40 -1 0 0 0 1
18 0 0 -1 0 -1 41 0 1 -1 0 0
19 0 1 0 0 1 42 1 0 0 1 0
20 0 -1 0 1 0 43 -1 0 0 0 -1
21 0 0 -1 0 1 44 0 0 0 0 0
22 0 1 0 0 -1 45 1 -1 0 0 0
23 1 0 0 0 1 46 -1 0 -1 0 0
Table 4. Experimental coding for microwave heating
Independent variable Exp. Independent variable
BxpNo =k~ 7 mMc ko No KK Z MG KO
1 0 1 -1 0 15 10 -1 0
2 -1 0 0 1 16 1001 0 0
3 10 1 0 17 1 -1 0 0
4 1 1 0 0 18 0 0 1 1
5 0 0 0 0 19 1 0 -1 0
6 1 -1 0 0 20 10 0 -1
7 0 0 1 -1 21 0 1 1 0
8 0o -1 -1 0 22 1 0 1 0
9 1 0 0 1 23 0 -1 0 -1
10 0 0 0 0 24 0 1 0 1
11 o -1 1 0 25 0 0 -1 1
12 0 0 0 0 26 0 1 0 -1
13 0 0 -1 -1 27 0 -1 0 1
14 1 0 0 -1

3. Results and Discussion
3.1. Removal of Sulfur by Conventional Heating

The results of sulphur removal experiments using conventional heating methods were given in Table
5. Table 5 shows the results for all 3 metal salts.

When a general assessment of the results obtained was made, the optimum sulfur removal rate for
PdCI; and SnCl, metal salt in Experiment 16 (KK = 0.3 M; S =90 °C; Z =75 min; KH = 975 rpm,;
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KO= 12.5%) was obtained as 22.07% and 5.25% respectively. For SbCl; metal salt, it was obtained
as 7.19% in Experiment 23 (KK = 0.3 M; S= 60 °C; Z= 75 min; KH= 975 rpm; KO= 20%).

Table 5. Conventional heating test results.

SRR SRR SRR
Sira Sira Sira
No PdCl, SnCl, SbCls No PdCl, SnCl, SbCl; No PdCl, SnCl, SbCl;
1 15,83 3,23 5,66 17 18,15 3,69 3,91 32 15,64 2,20 4,26
2 17,96 4,08 3,83 18 13,69 2,50 3,09 33 17,37 3,75 5,04
3 20,92 2,10 6,20 19 17,85 2,62 6,54 34 19,22 2,26 514
4 16,69 3,42 3,28 20 15,58 3,10 4,55 35 20,95 3,47 6,15
5 20,82 4,05 6,08 21 16,51 3,68 2,94 36 17,73 3,71 5,01
6 19,48 4,61 5,30 22 19,85 3,83 411 37 17,31 1,97 5,89
7 15,05 2,36 4,93 23 21,59 3,47 7,19 38 9,99 1,34 3,563
8 19,69 2,75 3,35 24 15,83 3,23 5,66 39 15,39 2,84 4,56
9 18,85 4,02 4,67 25 15,83 3,23 5,66 40 16,59 3,70 441
10 17,19 4,12 543 26 21,65 3,27 6,57 41 18,22 2,82 4,38
11 15,28 2,32 3,85 27 15,83 3,23 5,66 42 18,77 3,48 6,70
12 19,85 3,87 6,27 28 12,62 2,51 4,58 43 13,25 3,97 3,97
13 20,69 4,82 4,20 29 15,83 3,23 5,66 44 15,83 3,23 5,66
14 15,77 2,45 4,48 30 20,77 4,73 6,91 45 20,60 3,14 5,97
15 16,34 1,87 6,33 31 16,50 3,76 6,39 46 13,49 1,75 2,22
16 22,07 5,25 7,11

According to these results, it was observed that the desire to replace Pd** ions with sulfur was
higher than that of other ions. The regression model coefficients obtained using Table 5 were given
in Table 6. In this part, the highest correlation coefficient was obtained in PdCl, metal salt.

Table 6. Second order model equations for sulfur removal rate.

Metal
salt

Regression Model

R2

PbCl,

-12,8464+118,34xKK+0,157xS+0,04xZ+1,7x10 XK H+0,8133xKO+30,5xK K?+4,83x10%x 76,39
S%+2,65x10xZ%+4,065x10 °x K H?+9,5x10°xK 02-0,268X K KxS-0,388xK KXZ-4,3x10"
ZXKKXKH-0,997xK KXKO-1,815x10XSxZ-4,42x10°xSXK H-5,56Xx10 X SXK O+4,46x10"
*xZxKH-2,23x10°3x ZxK0-2,67x10*x KHXKO

SnCl,

-7,53497+11,5525x K K+1,53x10°xS+6,02x10°xZ+3,75x10 XK H+0,469xK O-11,04xK K*-

1,9x

10°%S%-5,144x10°%Z2-5x10"x K H?-1,52x103x K O%+0,0975xK KxS-0,072XK KX Z-6,6 7X10”
% KKXKH-0,157xKKxKO+9,63x10°xSxZ-2,22x10 "’xSXK H-2,22x103xSxK O-1,48x10
xZxKH-2,69x103xZxK 0-8,89x10 X KHxKO

55,87

SbCl,

-0,52+7,51xKK+0,1006xS-8,19x10°XxZ+5,93x10 *x KH+2,37x10 XK O+1,75x K K-
9,72x10°° xS%-1,399x10“xZ%-1,458x10 X K H?-6,029x 103 x K O?-
0,055XK KxS+0,0556xXK KxZ-4x10x KKXKH+0,1xKKxKO-3,67X10*xSxZ-2,22x10"
%SxKH-0,0011xSxK0+2,963x10°x ZxKH+1,489x10°xZxKO+8,978x10 °*xKHXKO

58,22

3.1.1. Effect of Conventional Heating Variables on SRR

To obtain a better understanding of the results, the predicted models are presented in Fig. 1 (A-E)
as 2D (two dimensional) response surface plots. The figures show the relationship between one
variable of conventional heating and sulphur removal rate (%) of coal at the center level of the other
four variables.
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Fig. 1A shows the effect of chemical concentration on SRR at the center level of other variables.
The effect of chemical concentration on SRR was positive. The sulfur removal rate increased as the
chemical concentration increased. The highest sulfur removal rate was obtained at a chemical
concentration of 0.3 M. This was an expected situation. C-S bonds were broken by bonding more
metal salt with more sulfur. Fig. 1B shows the effect of reaction temperature on SRR at the center
level of other variables. Similarly, the effect of reaction temperature on SRR was positive. As the
reaction temperature increased, the sulfur removal rate also increased. Chemical reactions are faster
at higher temperatures.
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Figure 1. Effect of conventional heating variables on SRR

However, if we look at the slope of the curve, we can say that its effect is lower than the chemical
concentration. Fig. 1C shows the effect of time on SRR at the center level of other variables. The
reaction time was a very low positive effect on SRR. In other words, most of the chemical reaction
occurred in the first 30 minutes. Fig. 1D shows the effect of mixing speed on SRR at the center
level of other variables. In contrast to other variables, the mixing speed had a negative effect. The
lower sulfur removal rate was obtained at high mixing speeds. Fig. 1E shows the effect of the solid
ratio on SRR at the center level of other variables. The solid ratio was also rarely effective on SRR.
A small amount of positive effect was seen on SRR.

3.2. Removal of Organic Sulfur by Microwave Heating

The results of sulfur removal experiments using the microwave heating method were given in Table
7. Table 7 shows the results for all 3 metal salts.

When a general assessment of the results obtained was made, the optimum sulfur removal rate for
PdCl, metal salt in Experiment 9 (KK= 0.3 M; Z=12.5 min; MG= 800 W; KO= 20%) was obtained
as 24.30%. For SnCl, and SbCl; metal salts, it were obtained as 5.83% and 10.21% in Experiment
22 (KK= 0.3 M; Z= 12.5 min; MG= 1200 W; KO= 12.5%). According to these results, it was
observed that the desire to replace Pd®* ions with sulfur was higher than that of other ions.
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Table 7. Microwave heating test results.

SRR SRR SRR
Sira Sira Sira

No  PdCl, SnCl2 SbCI3 No PdCl, SnCl2 SbCI3 No PdCl, SnCl2 SbCI3

16,94 332 658 10 1791 419 7,73 19 1969 294 9,63
1414 255 491 11 1824 561 6,77 20 12,78 4,01 4,36
1299 446 488 12 1791 419 7,73 21 2047 4,70 7,15
2150 493 954 13 16,23 421 756 22 2407 583 10,21
1791 419 /73 14 2014 532 10,02 23 1658 5,12 5,74
18,16 1,83 6,83 15 1292 256 6,23 24 20,13 2,78 8,23
16,27 511 869 16 1952 410 464 25 17,03 2,28 7,82
18,20 369 6,82 17 1531 296 397 26 18,79 2,73 7,39
2430 292 611 18 2100 4/0 79 27 1945 3,67 7,81

O©oo~No ol whNPE

The regression model coefficients obtained using Table 7 were given in Table 8. In this part, the
highest correlation coefficient was obtained in PdCI, metal salt.

Table 8. Second order model equations for sulfur removal rate for microwave heating.

Metal iyon Regresyon Modeli R’
13,6635+20,58xKK-0,362xZ-4,52x10 °xMG-0,104xKO-
PbCl, 46,54xKIK?+0,013xZ%-4,46x10° xMG*-2,96x 10 *xKO?*+1,73x10" 84.69

By KKxZ+2,78x102XKKXMG+0,663x K KxKO+3,33%x10* xZXMG-
8,89x103x ZxKO+3,332x10*xMGxKO
2,229+12,8417xKK-4,99x10%xZ-2,45x10°xMG+5,79x10“xKO-

snCl, 37,33xKK?-8,9x10°° xZ?+7,84x10'x MG*-4,44x10 76,05

3 KO?+0,667XKKXZ+6,3x10 3 x KKXMG-0,663x K KXKO+8,33x10"

S ZXMG+4,44x103x ZxKO+8,33x10°xMGxKO
3,1945+29,1833xKK-4,4x10°XxZ-4,24x10°xMG+0,1695x KO-
spCl 54,208XKK?-5,2x10°° xZ*+2,08x10°x MG*-2,99x10 78.63
3 3 2 -3 -53 '
XxKO?+0,663xKKXZ+6,25x10 X KKXMG-0,663xK KxKO+8,25x10°%x
ZXMG+4,44x10°xZxK0O+8,33x10 'XxMGxKO

3.2.1. Effect of Microwave Heating Variables on SRR

To obtain a better understanding of the results, the predicted models are presented in Figure 2 (A—
D) as 2D (two dimensional) response surface plots. The figures show the relationship between one
variable of microwave heating and sulphur removal rate (%) of coal at the center level of the other
three variables.

Figure 2A shows the effect of chemical concentration on SRR at the center level of other variables.
As with conventional heating, chemical concentration had a positive effect. The sulfur removal rate
increased as the chemical concentration increased. The highest sulfur removal rate was obtained at a
chemical concentration of 0.3 M. Figure 2B shows the effect of time on SRR at the center level of
other variables. Similarly, reaction time had a positive effect. More sulfur was removed in a shorter
time than conventional heating. Most of the chemical reactions in microwave heating occurred in
the first 5 minutes. Figure 2C shows the effect of microwave power on SRR at the center level of
other variables. The effect of microwave power was positive. More sulfur was removed at higher
microwave power. Figure 2D shows the effect of the solid ratio on SRR at the center level of other
variables. As in conventional heating, the solid rate had a positive effect on SRR.
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Figure 2. Effect of Microwave heating variables on SRR.

4. Conclusion

In this study, the electron transfer process was used for the desulphurization of organic sulphur.
Metal ions (Pd**, Sn**, and Sb**) were utilized for this purpose. Both classical and microwave
heating were used in studies to understand the effect of microwave heating. A three-level Box—
Behnken factorial design combined with a response surface methodology was used for modeling
and optimizing operation parameters of conventional heating (chemical concentration, reaction
temperature, time, mixing speed, and solid ratio) and microwave heating (chemical concentration,
time, microwave power, and solid ratio), to remove sulfur from coal.

As a result of studies, 22.07% of total sulpfur was removed with Pb?* ion by the conventional
heating method. Likewise, by using Sn** and Sb** ions, it removed 5.25% and 7.19% of total
sulpfur, respectively. The highest sulfur removal rate was obtained using PbCl, metal salt. In the
microwave heating method, 24.30% sulfur with Pb ion, 5.83% with Sn ion, and 10.21% sulfur with
Sb ion were removed. Higher results were obtained with microwave heating. However, there is
another point that needs attention. By using microwave heating, higher SRR was obtained at a
lower time. For example, in a 5-minute process, approximately 17% SRR was achieved. In the
conventional heating method, the sulfur removal rate was reached 15% in 30 minutes. This time
difference provides a very significant energy saving. Sulfur removal rates obtained in tests with
both devices were not very high. However, it had been shown that these methods can be used in
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organic sulfur removal. With the detailed studies carried out, the effect of the parameters of the
devices was also revealed. Thus, it will lead to studies that will contribute economically.
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