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ABSTRACT

In the paper, with the high-sulfur bituminous coal from Chongging Songzao(§ 1.62, S, 0.94, S 0.11, §, 0.57) as the
research object, a desulfurization test was conducted with microwave combined with NaOH solution to study the
effects of various factors on the results of coal desulfurization and the proximate analysis index. The test results
show that increasing the microwave power and the irradiation time can reduce the content of the total sulphur in
clean coal and improve the desulphurization rate, but excessive increase is useless; the additive amount of the
NaOH solution also has an optimum value. The content of total sulfur in the desulfurated clean coal falls to around
0.80%, the content of organic sulfur is around 0.40%, and the content of the pyritic sulphur falls to around 0.18%
under the best conditions (microwave power 1000W, irradiation time 5 min, solid-to-liquid ratio 1:4, concentration

of NaOH solution 300 g/L). The ash content and volatile content of the desulfurated clean coal also change while
desulfurization.
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INTRODUCTION

Microwave, as an energy field, heats substancéyfastiformly and selectively. It has been used elydin fields
including organic synthesis[1-3], mineral leach#igwastewater treatment[5], oil sand and petroleygrading[6].
With people’s increasing emphasis on environmestales, the application of microwave technologgle@an coal
technology has attracted attention of the relatgees[7-8].

With the high-sulfur bituminous coal from ChongqiBgngzao as the research object, desulfurizatists teere
carried out by microwave combined with NaOH solatto study the effects of such factors as microwaoweer,
irradiation time, solid-to-liquid ratio, and cond¢mation of NaOH solution on the results of coal Wlgization as
well as the proximate analysis index. And the pples of coal microwave desulfurization were algscdssed.

EXPERIMENTAL SECTION

Coal sample
The high-sulfur bituminous coal sample from ChomggSongzao (flotation clean coal). In the followitext, the

coal samples before desulfurization were called caal, and the coal samples after desulfurizati@newcalled
clean coal.

The results of the proximate analysis and elememtalysis on the coal sample are shown in TabledITable 2.

Table 1 Proximate analysis of coal sample

Item Mam% Ad,% Vdah% FQah%
Content 1.48 11.20 9.51 90.49
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Table 2 Determination of total sulfur and sulfur formsin coal sample

ltem  Su% S% S%  S%
Content  1.62 0.11 0.94 0.57

Experimental methods
The microwave reaction equipment Model No.MAS-Ihianufactured by Sineo Microwave Chemistry Techgyplo
(Shanghai) Co., LTD. The microwave frequency i$X3Hz, as shown in Figure 1.
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(a) Schematic diagram (b) Real diagram

Figure 1 Microwave oven used for experiments
1- Microwave oven; 2- Quartz beaker; 3- Ceramic blocks

The test flow chart is shown in Figure 2.

Coal Samples Mixing » Washing Drying Weigh > Analysis
NaOH Microwave
Solution Irradition

Figure2 Theflow chart of coal desulfurization with microwave combined with NaOH solution
RESULTSAND DISCUSSION

Discussion on the Principles of Coal Microwave Desulfurization

The dielectric loss value of pyrite in coal is mdatger than that of coal substance, which enahlepyrite to be
heated selectively[9]. The Fe-S bonds in pyritegooles can be induced to break down by the higipeeature of
microwave radiation and then combine with the sumding activated H, O and CO in coal[10-12]. Thact®ns
are as below,

FeS, + (H — coal) » Fe; .S+ H,ST 0<x=<0.125
Fe;_xS+ (H —coal) » FeS+ H,S T

FeS, + (0 — coal) - Fe; _,S+ S0, T

Fe;_4S+ (O — coal) » FeS + SO, T

FeS, + (CO — coal) - Fe;_,S+ COS T

Fe;_4xS + (CO — coal) » FeS + COS T

Thus, pyrite changes into pyrrhotine(k8) and troilite(FeS), and further converts to delfander oxidation
environment.

At the same time, such pyrolytic reactions happedodbe organic sulfur in coal[13-14],
(organic sulfur — coal) + (H — coal) = coal + H,S T

(organic sulfur — coal) + (O — coal) = coal + SO, T

(organic sulfur — coal) + (CO — coal) = coal + COS T

In order to increase the temperature and accel#rateeactions, agents with large dielectric lagsi{scaustic alkali)
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are usually used. The addition of NaOH can increasedielectric loss and thus increasing the teatpeg of the
system, and can even react with sulfur-containomgmonents. The reactions are as follows[15-16],

2FeS+6NaOH~>NaFeQ+4NaS+2H,0
O,R- SH+2NaOH>R+NgS+H,0O
R- S- R'+2NaOH>R'OH+ROH+NaS

The solube sulfide generated will further converstlfate under oxidation environment. And an egisesextension
of reaction time may enable the soluble sulfideegated to further react and produce insoluble daifihus reducing
the desulphurization efficiency[17]. Moreover, Na@#Bn also react with minerals in coal and genesalabe

sodium salts thereby reducing the ash content siflfigization coal.

Effect of microwave power on theresult of desulfurization

The selected range of microwave power is 600-100at\&n interval of 100 W. Other conditions areadiiation
time 5 min, solid-to-liquid ratio 1:4, concentratiof NaOH solution 300 g/L. The results are as shawrFigure 3
and Table 3.
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Figure 3 Effect of microwave power on total sulfur content of desulfurized coal

Table3 Effect of microwave power on variousforms of sulphur

Content of sulfur,%
S,d Ss,c Sp,c SJ,C
Rawcoal 162 0.11 0.94 057 - -
600 1.60 0.07 0.88 0.65 87.97 13.12

Clean coal yield, %  Desulfurization rate, %

Power, W

700 147 0.08 0.71 0.68 91.17 17.27
800 121 0.05 059 0.57 89.06 33.48
900 100 0.10 043 047 88.42 45.42
1000 0.82 0.21 0.21 0.40 88.82 55.04

From Figure 3, the content of sulphur in the cleaal decreases gradually with the increase of tlezomave
output power. The content of sulphur in clean ésainly 0.82%, and the desulfurization rate is 8%0under the
condition of 1000 W, indicating a satisfactory désiration result.

Based on changes in various forms of sulphur iarckeoal after desulfurization (Table 3), it is digered that the
content of pyritic sulfur and organic sulphur ireah coal decreased and the content of pyritic saifwld be
decreased to as low as 0.21%; the sulfate sulfaleign coal exhibited a first decrease and there&se rather than
a constant increase. And the sulfate sulphur conéaxthed up to 0.21% at 1000 W, indicating theciase of power
could promote conversion of pyritic sulfur and aorigasulphur in coal into sulfate sulfur.

Table 4 The change of proximate analysisindexes of coal with microwave power

Power, W Mg % Ay, % Vaa %
Raw coal 1.48 11.20 9.50

600 0.87 8.62 9.15
700 0.83 7.54 8.99
800 1.01 7.53 8.93
900 0.86 7.30 9.07

1000 1.25 8.22 9.35
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Table 4 shows the result of proximate analysisl@drc coal after desulfurization under different powonditions.
The ash content of the clean coal was decreasitigtié increase of the power ranging between 60QuVSH0W.
When the microwave power increased to 1000 W, #ecantent in clean coal increased somewhat wiast still
below the ash content of raw coal. Compared withrdw coal, the volatile content in the desulfutizéean coal
decreased and reached the lowest at 800W. Moreiheevplatile content in the clean coal increasadesvhat after
the microwave power exceeded 800W, indicating that microwave power imposed a slight effect on the
macromolecular structure of coal.

Effect of irradiation time on the desulfurization result

The effect of irradiation time on the desulfuripatiresult was studied at a microwave power of 10@nd other
conditions were: solid-to-liquid ratio 1:4, concetion of NaOH solution 300 g/L. The irradiatiomgs chosen
were 3 min, 3.5 min, 4 min, 4.5 min and 5 min respely. The test result is as shown in Figure dblé 5 and
Table 6.
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Figure 4 Effect of irradiation time on total sulfur content of desulfurized coal
From Figure 4, with the increase of the irradiatiimne, the content of sulphur in clean coal de@dasibsequently
and reached the lowest, 0.82%, at 5 min. Theretbesincrease of the irradiation time facilitatee tlesulfurization
reaction.

Table 5 Effect of irradiation time on various forms of sulphur

Content of sulfur,%
S,d Ss,c Sp,c S),c
Rawcoal 1.62 0.11 094 0.57 - -
3 1.62 0.04 0.98 0.60 92.50 7.50

Time, min

Clean coal yield, %  Desulfurization rate, %

35 156 0.07 0.93 0.56 88.44 14.84
4 120 0.05 0.58 057 89.85 33.44
4.5 112 0.16 039 057 90.00 37.78
5 0.82 0.24 0.19 0.41 87.78 55.57

Based on the analysis on various forms of sulphthé clean coal (Table 5), it is discovered thatd¢ontent of the
pyritic sulphur and the content of organic sulpdacrease with the increase of the irradiation tiné the sulfate
sulphur will first decrease and then increase. Amal rules showed by the sulfate sulphur, pyrititplsur, and
organic sulphur in desulphurized clean coal afteraasing the irradiation time are similar to thafter increasing
the microwave power. It indicates that increasimg microwave energy inputted to the reaction systamreduce
pyritic sulphur and organic sulphur in coal, proetteir conversion into sulfate sulphur, and imertive reaction
between pyritic sulphur and NaOH and then strengthe desulfurization effect.

Table 6 The change of proximate analysisindexes of coal with irradiation time

Time,min Mg, % Ay, % Vi, %
Raw coal 1.48 11.20 9.50

3 0.80 9.15 8.89
3.5 0.53 7.90 9.12
4 0.84 7.24 8.97
4.5 0.53 7.86 9.30
5 1.47 8.54 9.55

From Table 6, compared with the raw coal, the astient of the clean coal decreased somewhat actieda
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as low as 7.24% (4 min) while the volatile compdsereached the lowest. And the volatile contentthaf
desulphurized clean coal increased compared tooftthe raw coal under the condition of optimumudisization
time (5 min). It was indicated that Increasing itmgut of the microwave energy can reduce the asteod and also
has an slight effect on the macromolecular strectdircoal.

Effect of the solid-to-liquid ratio on the desulfurization result

The effect of solid-to-liquid ratio on the desulfiation result was studied under the conditionmaowave power
1000 W, irradiation time 5 min, and alkali liquo®@y/L. The sulphur content in the clean coal andtext of
various forms of sulphur are as shown in Figurad Eable 7.
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Figure5 Effect of solid-to-liquid ratio on total sulfur content of desulfurized coal

Table 7 Effect of solid-to-liquid ratio on variousforms of sulphur

Content of sulfur, %
S d Ss,c Sp,c SJ,C

solid-to-liquid ratio Clean coal yield, %  Desulfurization rate, %

Raw coal 1.62 0.11 0.94 0.57 - -
1:3 0.87 0.19 0.29 0.39 90.54 51.38
1:3.5 0.81 0.18 0.26 0.37 89.80 55.10
1:4 0.80 0.23 0.19 0.38 88.60 55.70
1:45 095 0.10 0.45 0.40 87.98 48.41
1:5 1.47 0.07 0.86 0.54 89.74 18.57

From Figure 5, there was a relatively complex tremthe effect of solid-to-liquid ratio on the shlr content in the
clean coal. The sulphur content in the clean coa$ W.87% when the solid-to-liquid ratio was 1:3. aWthhe
solid-to-liquid ratio reached 1:4 the sulphur conten the clean coal was 0.80% exhibiting a smaltrdasing
amplitude. The desulfurization trend would becoroerpvhen the solid-to-liquid ratio was increasetdsmquently,
and the sulphur content in the clean coal was 1.4h#n the solid-to-liquid ratio was 1:5.

An analysis was conducted for various forms of Butpin the desulphurized clean coal under different
solid-to-liquid ratios to explain the test resuMs shown in Table 7, under the optimum solid-taéh ratio for
desulfurization(1:4), the content of sulfate sulplpyritic sulphur, and organic sulphur in the désirzed clean coal
were 0.23%, 0.19% and 0.38% respectively. Wherstiid-to-liquid ratio was less than 1:4, the contehpyritic
sulphur and organic sulphur in the clean coal wdufther decrease with the increase of ratio irtiticathat the
addition of alkali liquor could promote their comsi®mn and decomposition; when the ratio was moaa thi4, the
energy used for conversion and decomposition oftipysulphur and organic sulphur would decrease ted
desulfurization would be unsatisfactory due to fiéngt that excessive amount of alkali liquor hadabsorb partial
microwave energy but the microwave energy inputtad limited.

From Table 8, based on the result of a proximatdyais of the desulphurized clean coal, under thesen test
conditions, there was an slight effect of ash rédacfor the coal. The ash content reached the $opwden the
solid-to-liquid ratio was 1:4.5. The volatile conmamts in the clean coal increased somewhat when the
solid-to-liquid ratio was less than 1:5, but desexhwhen 1:5.
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Table 8 The change of proximate analysisindexes of coal with solid-to-liquid ratio

solid-to-liquid ratio M, % Ay, % Via, %
Raw coal 1.48 11.20 9.50

1:3 1.59 9.51 9.79

1:35 0.79 8.44 9.57

14 0.87 8.47 9.45

1:45 0.54 7.64 9.51

1.5 1.00 8.34 8.90

Effect of concentration of NaOH solution on the desulfurization result
The concentration of NaOH solution was another i@ factor influencing desulfurization when addesl an
extracting agent. Under the conditions that wereoggessively optimized, the effect of alkali liquooncentration
on the desulfurization result was investigated. st result is as shown in Figure 6, Table 9 aaduler10.
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Figure 6 Effect of the concentration of NaOH solution on total sulfur content of desulfurized coal

From Figure 6, the addition of NaOH solution carpiaove the desulfurization result. But when it wasrenthan
300 g/L, the sulphur content in the clean coaldalsi remained unchanged. Any further increasédnefalkali liquor
concentration would cause "waste" of NaOH solutidius, the best alkali liquor concentration shdaéd300 g/L.

Table 9 Effect of the concentration of NaOH solution on various forms of sulphur

Concentration, g/L:

Content of sulphur, %

Clean coal yield, %

Desulfurization rate, %

St.d &,c Sp,c Sa,c
Raw coal 1.62 0.11 094 0.57 - -
100 096 0.14 0.39 043 85.36 49.42
200 093 0.11 0.34 048 90.14 48.25
300 0.80 0.21 0.18 0.41 89.64 54.63
400 0.82 0.19 0.24 0.39 89.27 54.81

Table 9 presents the content of various forms fpfiewr in the desulphurized clean coal under difiergkali liquor
concentrations. The content of the sulfate sulphdahe clean coal was the highest and the contepyritic sulfur
and the content of the organic sulphur were theekiwvhen the alkali liquor concentration was 300 g/

Table 10 The change of proximate analysisindexes of coal with the concentration of alkali liquor

Concentration,g/L M, % Ay, % Va, %
Raw coal 1.48 11.20 9.50
100 1.12 13.06 10.21

200 1.19 8.91 9.36

300 1.62 8.51 9.64

400 1.72 8.01 9.04

Table 10 presents the result of the proximate aiabf the desulphurized clean coal. It can be seanall the ash
contents in the clean coal decreased somewhat texbepconcentration of 100 g/L. The ash conteneraft
desulfurization also changed but the differenceewet significant.

CONCLUSION

The paper studies the effects of the microwave powadiation time, solid-to-liquid ratio, and tla¢kali liquor on
the coal desulfurization result and proximate asialindex and obtains the following conclusions:
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With the irradiation time extending, the total gulp in clean coal decreased, and the increase abwmave power
helps removal of sulphur in coal. But the excesgéneease of irradiation time and power shall bedirisable in
consideration of coal properties. There is an optmvalue for the amount of NaOH added, and an skely

higher solid-to-liquid ratio will reduce the deshipization result. And the coal desulphurizatiote raill increase
when the alkali liquor concentration is increasdthiw a certain range but the desulphurization ligunds to be
stable when it exceeds 300 g/L , however, an ekeessnount of alkali liquor contributes to reductiof ash in
coal.

The content of total sulfur in the desulfuratedadleoal falls to around 0.80%, the content of oiganlfur in the
clean coal is around 0.40%, and the content opthiic sulphur falls to around 0.18% under thetbmmnditions
(microwave power 1000W, irradiation time 5 min,ideb-liquid ratio 1:4, alkali liquor concentrati®00 g/L). The
ash content and volatile components of the thelfigated clean coal also change while desulfurizatiThe ash
content of the desulphurized clean coal exhibitsoaerall decreasing trend but the decreasing andgitis not
significant, which indicates that the method of magave combined with NaOH solution also plays & fiol ash
reduction as well as in desulfurization. The chanigevolatile components are also not significavttich indicates
that the molecular structure of the coal also ckarglightly during sulphur removal.
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