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The copper and nickel smelting industries are large sources of sulphur oxides. The off-
gases from roasters  and smelters typically contain 10-20% SO2, 70-85% N2 with small 
percentages of O2, H2O and CO2. The proven industrial method of producing elemental 
sulphur by reducing SO2 with CH4 was simulated by a digital computer model that 
assumed the gaseous C-H-O-S-N system to be in equilibrium-state. The focus here was the 
reactor (800-1500 K) that converted SO2 to condensable Sulphur (S, S2,…, S8); data were 
obtained on fraction condensed (fS) and the net heat (ΔHnet) effect that accompanied the 
reduction. Three feed-gas compositions were studied.      
 
 

INTRODUCTION 
 
The recovery of elemental sulphur from sulphur dioxide of the off-gases generated by pyrometallurgical 
reactors is of interest, notably in view of the current efforts to perfect a lithium/sulfur solid-state battery 
for electric vehicles: Li(s)/Li+(electrolyte)/S(s,L) at the ideal (reversible) discharge potential of 2.25 V 
possesses an energy density of 2600 Wh/kg Li2S (or 3755 Wh/kg S) (Nagai et al., 2019 ; Rao, 1985a). The 
less-expensive cells Mg(s)/Mg2+(electrolyte)/S(s,L) with 1675 Wh/kg MgS (or 2945 Wh/kg S) at 1.76 V 
and the Al(s)/Al3+(electrolyte)/S(s,L) giving 1177 Wh/kg Al2S3 (or 1837 Wh/kg S) at 1.1 V await focused 
investigation (Knacke et al., 1991 ; Pankratz et al., 1987). 
 
The de-dusted roaster/smelter gas-stream with SO2 can be treated to yield sulphuric acid (H2SO4), 
liquid-SO2, or elemental sulphur. Unlike the sulphuric acid, solid sulphur can be stored safely or 
transported with ease. The ready availability of natural gas makes thermal reduction, 2 SO2 + CH4 → 
CO2 + 2 H2O + (2/n) Sn , a rather attractive choice; sulphur  can be recovered by cooling the hot product 
gases. Hunter and Michener (1973) of Allied Chemical Canada gave details of the methane-reduction  
process for treating roaster gas (787–882oC) containing 14-15% SO2 and 1.0-1.5% O2; sulphur-yield of 
90% was reported. Platonov et al., (2005) made a persuasive presentation in favour of methane-reduction 
to treat copper smelter off-gases from remote metallurgical plants (MMC Norilsk Nickel, Russia): the 
optimised operation would consist of thermal reduction of SO2 present in the dust-free off-gas, sulphur-
condensation from reduced gas-mixture, cooling of the product gas to 230-250oC, and transfer of cold 
gas (H2S, SO2, COS, HS, CS2, CS, CO, CO2, H2, H2O) to the Claus reactor for final conversion to sulphur. 
The use of a solid carbon reductant in lieu of methane does seem feasible: Malmström and Tuominen 
(1972) showed that elemental sulphur can be recovered from sulphur dioxide by reduction at 1350oC 
using pulverised coal. The intention here is to report the results of an investigation of thermal reduction 
of SO2 by CH4 under isothermal equilibrium conditions, in the 800 K to 1500 K range, at an ordinary 
pressure of 1 atm (101.325 kPa). In general, a complete solution of the equilibrium-state requires accurate 
values be found for the partial pressures (or molar amounts) of all the species comprising the system.  
The iterative equilibrium constant method employed in this work makes direct use of the equilibrium 
constants of selected reactions as recommended by Kellogg (1971), Bahn (1960), and Damköhler and 
Edse (1943).
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The current method compares reasonably well with the free energy minimisation technique developed by 
White, Johnson, and Dantzig (1958) and generalised by Eriksson and Rosén (1973).  It may be of some 
interest to discover that the entire framework of the iterative equilibrium constant method can be derived 
by minimising the total Gibbs free energy of the system (Rao, 2007).  

METHOD OF CALCULATION 

The all-gas C-H-O-S-N system at equilibrium contains 21 species: CH4, H2O, CO2, SO2, N2, H2, S2, H2S, 
CO, COS, CS, CS2, HS, S, S3, S4, S5, S6, S7, S8 and O2. According to the Gibbs stoichiometric rule, a 
maximum of 16 independent reactions can occur in this system. Application of Gibbs phase rule 
confirms that the system has six degrees of freedom; these can be satisfied by specifying values of (i) T, 
temperature  (ii) P, total pressure  and four atom-ratios (iii) RC = C/O (iv) RH = H/O (v) RS = S/O and  
(vi) RN = N/O. Table I summarises the 16 reaction equilibria and the associated standard free energy 
equations, valid over 1100-1500 K; these three-term equations were deduced from the data on standard 
free energies of formation (ΔfGo), in Joules, for the various species (Chase, 1986). 

Table I. Independent reactions and the associated standard free energy changes  

                   Reaction             Standard free energy change (J) 
  (r1)    CO2  +  H2      =    CO  +  H2O        ΔGor1   =  43595  +  8.967 T Ln T  −  102.526 T  
  (r2)    H2  +  ½ O2     =    H2O      ΔGor2   =  −243583  +  4.5 T Ln T  +  19.895 T  
  (r3)    CH4  +  ½ O2  =    CO  +  2 H2      ΔGor3   =  −19302  +  2.104 T Ln T – 214.957 T. 
  (r4)    CH4 + 2 SO2   =    CO2 + 2 H2O + S2      ΔGor4   =  −67410  +  8.967 T Ln T – 217.624 T 
  (r5)    H2  +  ½ S2      =    H2S      ΔGor5   =  −89246 + 1.004 T Ln T + 041.314 T 
  (r6)    ½ H2  +  ½ S2  =    HS      ΔGor6   =  103870 – 8.935 T Ln T  −  012.506 T 
  (r7)    CO  +  ½ S2     =    COS      ΔGor7   =  −95914  − 5.503 T Ln T + 121.656 T 
  (r8)    CO2  +  CS2     =    2 CO  +  S2      ΔGor8   =  191429  +  10.52 T Ln T – 251.456 T 
  (r9)    ½ S2                 =     S      ΔGor9   =  213788  −  2.137 T Ln T − 042.924 T 
  (r10)  1½ S2                =    S3          ΔGor10  =  −52577  − 1.748 T Ln T + 085.729 T  
  (r11)  2 S2                   =    S4      ΔGor11  =  −113715 – 7.025 T Ln T + 193.550 T 
  (r12)  2½ S2                =    S5      ΔGor12  =  −214624 – 11.880 T Ln T + 340.09 T 
  (r13)  3 S2                   =    S6      ΔGor13  =  −287233 – 17.092 T Ln T + 442.46 T 
  (r14)  3½ S2                =    S7      ΔGor14  =  −342056 – 23.469 T Ln T + 546.33 T 
  (r15)  4 S2                   =    S8       ΔGor15  =  −420158 – 28.454 T Ln T + 669.63 T 
  (r16)  CS2                   =    CS  +  ½ S2      ΔGor16  =  230629  + 5.309 T Ln T  − 125.155 T 

 

Determination of Equilibrium-state by Iterative Computation 

The furnace-gas considered here had 1.5 moles SO2, 0.15 mole O2 and 8.35 moles N2 (15% SO2, 1.5% O2 
and 83.5% N2 (Malmström and Tuominen, 1972; Hunter and Michener, 1973); it was reacted with 1.0 
mole CH4 at 1100 K (column #2: Table 1). The gas-phase consisted of 1 mole C, 3.3 moles O, 4 moles H, 
1.5 moles S and 16.7 moles N; in the absence of C(s)-deposition, the atom-ratios RC (= C/O), RH (= 
H/O), RS (= S/O) and RN (= N/O) remain constant at 0.30303, 1.2121, 0.4545 and 5.0606, respectively. 
The equilibrium partial pressures of the 21 species were determined using the foregoing four atom-
ratios, the total pressure and 16 equilibrium constants:  K1, K2, K3, K4, K5, K6, K7, K8, K9, K10, K11, K12, K13, 
K14, K15 and K16 computed by means of the ΔGor - T relations listed in Table 1, have respective values of 
1.0118, 7.6115x10-8, 2.372x1011, 1.9427x1011, 51.6, 0.09757, 1.6328, 1.5713, 7.446x10-8, 0.045507, 7.2381x10-3, 
5.9278x10-4, 6.0272x10-4, 1.9523x10-4, 2.4116x10-5 and 4.4028x10-7 at 1100 K. 

The method of calculation is analogous to that described by Rao (1985b; 1996); five of the species were 
selected as majors – CO, H2, CO2, S2 and N2 – and estimates were admitted for their partial pressures: 0.1, 
0.1, 0.1, 0.1 and 0.4 atm. The 16 equilibrium constants (K1, K2, ….., K15, K16) were directly employed to 
compute the respective partial pressures of H2O, O2, CH4, SO2, H2S, HS, COS, CS2, S, S3, S4, S5, S6, S7, S8 
and CS. These first-iteration data for the 21 partial pressures (Pi’s) were examined for conformity with 
the respective constraints. The total pressure was found to be in strong disagreement: PE = 2.6022 atm 
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≠ P = 1 atm. The four atom-ratios similarly showed marked departures: RCE = [Ct/Ot] = 0.56974 ≠ RC; 
RHE = [Ht/Ot] = 8.61168 ≠ RH; RSE = [St/Ot] = 4.2189 ≠ RS; RNE = [Nt/Ot] = 1.76663 ≠ RN. It is as well 
to note that the foregoing quantities PE, Ct, Ot, Ht, St, and Nt are defined by:  

 PE = [PCO + PH2 + PCO2 + PS2 + PN2 + PH2O + PO2 + PCH4 + PSO2 + …+ PS7 + PS8 + PCS]    [1] 

 Ct  = [PCO + PCO2 + PCH4 + PCOS + PCS + PCS2]                                                                       [2] 

 Ot  = [PCO + PH2O + PCOS + 2 (PCO2 + PO2 + PSO2)]                                                                 [3] 

 Ht  = [PHS + 4 PCH4 + 2 (PH2 + PH2O + PH2S)]                                                                           [4] 

 St   =  [PSO2 + PH2S + PHS + 2 PCS2 + PCS + PCOS + PS + 2 PS2 + …….. + 7 PS7 + 8 PS8]        [5] 

 Nt =  [2 PN2]                                                                                                                                 [6] 

The algorithm required that the constraints be satisfied within the following specified limits: 

 |P/PE| = 1.0 ± 0.0001;  |RC/RCE| = 1.0 ± 0.0001;   |RH/RHE| = 1.0 ± 0.0001        [7.a-c] 

 |RS/RSE|  = 1.0 ± 0.0001;  |RN/RNE| = 1.0 ± 0.0001                                                   [7.d,e] 

The estimates for the five majors were modified by means of the following convergence equations, which 
are akin to those published by Bahn (1960); the computation was completed in less than 500 iterations 
(fortran program cho3s.f) and the respective limits were met. 

 [PCO]New      =  [PCO] (P/PE)0.10 (RC/RCE)0.20                                                                       [8.a] 

 [PH2]New       =  [PH2] (P/PE)0.25 (RH/RHE)0.10                                                                       [8.b] 

 [PCO2]New     =  [PCO2] (P/PE)0.125                                                                                            [8.c] 

 [PS2]New        =  [PS2] (P/PE)0.08 (RS/RSE)0.16                                                                          [8.d] 

 [PN2]New       =  [PN2] (P/PE)0.15 (RN/RNE)0.20                                                                       [8.e]    

Molar amounts of species and extents of reactions 

The data on equilibrium partial pressures of 21 species are given in Table 2 (column #2). These intensive 
properties formed the basis for the determination of extensive properties – molar amounts of respective 
species. For this purpose, the volume Vg (in litres) of hot reacted gas-mixture at T K was found by means 
of the H-atom balance using the initial amounts of CH4 (QoCH4) and H2O (QoH2O). 

 Vg  =  [4 QoCH4 + 2 QoH2O][R T/(101.325 Ht)]                                                                    [9] 

The molar amount QS2 of S2(g) was computed by means of equation 10 and the quantities QS, QSO2, QH2S, 
QHS, QCOS, QCS, QCS2, QS3, QS4, QS5, QS6, QS7 and QS8 of remaining species were found similarly. 

 QS2  =  {Vg PS2 (101.325)}/{R T}                                                                                                [10] 

It is useful to distinguish the condensable elemental sulphur (Qel) from the non-condensable sulphur 
(Qnon) of the reacted gas-phase, with fS  =  {Qel /(Qel + Qnon)} denoting the fraction condensable. 

 Qel    =  [QS + 2 QS2 + 3 QS3 + 4 QS4 + 5 QS5 + 6 QS6 + 7 QS7 + 8 QS8]                                  [11] 

 Qnon  =  [QSO2 + QH2S + QHS + QCOS + QCS + 2 QCS2]                                                         [12] 

The molar amounts QCO, QH2, QCO2, QS2, ……. ., of the respective species can be expressed as linear 
functions of E1, E2, …..E15, and E16, namely, the sixteen extents of reactions (Rao, 1985b).  
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 QCO  =  E1 + E3 − E7 + 2 E8 ;  QH2  =  2 E3 − E1 − E2 − ½ E6 – E5 ; QN2 = QoN2             [13.a-c] 

 QCO2 = QoCO2 – E1 + E4 – E8 ; QH2O  =  QoH2O + E1 + E2 + 2 E4                                     [13.d,e]    

Analogous relations can be written for the remaining species; by algebraic manipulation, the values of 
the extents of reactions were determined from the partial pressure data of Table II (Rao, 1985b).     

Table II. Elemental sulphur by the reduction of SO2 with CH4: 

Equilibrium C-H-O-S-N system at 800 K to 1300 K and 1 atm (101.325 kPa)  

Run No./T           #1           #2           #3            #4           #5 
Pi / atm        800 K       1100 K       1100 K        1100 K        1300 K 
S2 0.021907 0.033791 0.059322 0.109740 0.036627 
S 1.5939x10-12 1.3687x10-8 1.8135x10-8 2.4665x10-8 5.4235x10-7 
S3 1.1899x10-3 2.8268x10-4 6.5753x10-4 1.6543x10-3 1.3644x10-4 
S4 2.8211x10-4 8.2646x10-6 2.5471x10-5 8.7169x10-5 1.6511x10-6 

S5 1.7942x10-4 1.2442x10-7 5.0808x10-7 2.3649x10-6 5.2255x10-9 
S6 4.3617x10-4 2.3258x10-8 1.2583x10-7 7.9657x10-7 3.3287x10-10 
S7 1.5473x10-4 1.3846x10-9 9.9260x10-9 8.5476x10-8 9.3271x10-12 
S8 5.7914x10-5 3.1444x10-11 2.9866x10-10 3.4977x10-9 6.5512x10-14 
SO2 5.0293x10-3 0.002800 0.022850 0.018027 4.9035x10-3 
H2S 0.069231 0.053336 0.036965 0.171150 0.030718 
HS 3.1803x10-6 1.3449x10-3 1.2888x10-3 3.2343x10-3 0.015304 
COS 4.5062x10-4 1.2337x10-3 1.4767x10-3 3.9643x10-3 1.0296x10-3 
CS2 5.7205x10-7 4.5727x10-6 2.9221x10-6 1.4010x10-5 3.7147x10-6 
CS 1.6338x10-16 1.0953x10-11 5.2825x10-12 1.8620x10-11 3.7179x10-10 
CO 4.5218x10-5 4.1102x10-3 3.7132x10-3 7.3292x10-3 0.014809 
CO2 0.085045 0.079453 0.178140 0.267780 0.067918 
CH4 1.7159x10-13 2.1320x10-11 2.1234x10-12 6.3778x10-11 2.6175x10-11 
H2O 0.10162 0.109980 0.142770 0.370150 0.11492 
H2 2.2855x10-4 5.6230x10-3 2.9413x10-3 0.010013 0.014243 
O2 5.2736x10-22 6.6032x10-16 4.0671x10-15 2.358910-15 4.8774x10-13 
N2 0.71419 0.70804 0.54991 0.036858 0.69938 
Vg / L 767.42 1064.3 984.73 171.40 1273.5 
fS 0.41753 0.53818 0.65853 0.53364 0.58634 

Feed-gas mixtures (#1, #2, and #5) contained 1.5 SO2, 0.15 O2 and 8.35 N2 + 1.0 CH4 (in moles).         
Feed-gas mixture (#3) consisted of 2.0 SO2, 1.0 CO2 and 6.0 N2 + 1.0 CH4 (in moles).                          
Feed-gas mixture (#4) analyzed 0.8 SO2, 0.05 O2, 0.03 CO2, 0.05 H2O and 0.07 N2 + 0.5 CH4 (in moles). 

RESULTS AND DISCUSSION 

The equilibrium partial pressures for the 21 gaseous species are summarised in Table 2 for three 
different gas-mixtures at temperatures of 800 K, 1100 K and 1300 K. The data on fS (Table 2) indicates 
about one-half of the sulphur from the product gas of the reduction reactor can be recovered by 
condensation. The effect of temperature can be easily established by comparing the data of columns #1, 
#2, and #5 (Table 2). The fraction (fS) of the condensable elemental sulphur progressively increased with 
rising temperature. The non-condensable portion of the gas-phase, for the most part, consisted of H2S 
and HS. The feed-gas of column #3 (Table 2) containing 22.3 % SO2 gave the high value for fS; the very 
rich Inco furnace gas (80% SO2) of column #4 (Table 2) provided a respectable fS = 0.53364.  At the 
temperatures considered, it was not expected that carbon-deposition, 2 CO → C(s) + CO2, would take 
place; presence of carbon would make the sulphur condensate an off-coloured product. The data 
assembled in Table 2 can be readily employed to calculate the molar amounts of species and therefrom 
the extents of reactions (E1, E2, E3, ….., E15, E16). These results would be of value in computing the net 
enthalpy change (ΔHnet) accompanying the various reactions occurring in the reduction reactor. The 
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free energy equations given in Table 1 were used to derive the two-term relations for enthalpy change. 
In general, for ΔGor  = A + B T Ln T + C T, it can be shown that the enthalpy change ΔHor  =  [A – B T]. 
For instance, the standard enthalpy change ΔHor1 of reaction (r1) of Table 1 becomes 

 ΔHor1  =  43595.0 – 8.967 T                                                                                                        [14] 

At T = 1100 K, it is clear that ΔHor1  =  33731 J for the endothermic reaction (r1); similar calculations were 
completed for the remaining reactions and the results are: −248533, −21617, −77274, −90351, +113699, 
−89861, +179857, +216139, −50655, −105988, −201556, −268432, −316240, −388859, and +224789 J for the 
respective reactions (r2), (r3), (r4), (r5), (r6), (r7), (r8), (r9), (r10), (r11), (r12), (r13), (r14), (r15), and (r16). 
The corresponding extents of reactions were computed with the data of column#2 (Table 2): E1 −0.20364, 
E2 0.033491, E3 0.26651, E4 0.73349, E5 0.62892, E6 0.015859, E7 0.014547, E8 −5.3921x10-5, E9 1. 6139x10-7, 
E10 3.3332x10-3, E11 9.7456x10-5, E12 1.4672x10-6, E13 2.7422x10-7, E14 1.6328x10-8, E15 3.7077x10-10, and E16 = 
1.2914x10-10; it is as well to note that Ei’s are in moles, with negative values signifying that only the 
reverse reaction(s) are expected to occur.  The net enthalpy change (ΔHnet) can be determined by 

 ΔHnet  =  {E1 (ΔHor1) + E2 (ΔHor2) + …….. + E15 (ΔHor15) + E16 (ΔHor16)}                               [15] 

On inserting the foregoing values into equation 15, it was found that the methane-reduction of sulphur 
dioxide at 1100 K was highly exothermic, that is, ΔHnet  =  −134223 J per 1.5 moles of SO2 feed (Table II). 
The results for the same gas-mixture at different temperatures in the 800–1500 K range are shown in 
Table III below. 

Table III. Enthalpy changes (ΔHnet) in the C-H-O-S-N reduction system at 1 atm (101.325 kPa) 

Run No./T         #1         #2        #3        #4        #5        #6 
Qoi /mole      800 K     1100 K     1100 K     1100 K     1300 K     1500 K 
QoSO2      1.50      1.50      2.00      0.80      1.50      1.50 
QoO2      0.15      0.15      0.00      0.05      0.15      0.15 
QoH2O      0.00      0.00      0.00      0.05      0.00      0.00 
QoCO2      0.00      0.00      1.00      0.03      0.00      0.00 
QoN2      8.35      8.35      6.00      0.07      8.35      8.35 
QoCH4      1.00      1.00      1.00      0.50      1.00      1.00 
Vg / L    767.42    1064.3     984.73    171.40    1273.5    1490.2 
fS    0.41753    0.53818    0.65853    0.53364    0.58634    0.3633 
ΔHnet / J  −152722  −134223   −78353   −60621   −84459  +11285 

 

It is as well to note that the operation of the reduction reactor at higher temperatures does not 
necessarily yield the best values for fS (Runs #1, #2, #5, and #6); the exothermic heat effect becomes 
progressively smaller with rising temperature. The process is expected to exhibit an endothermic heat 
effect at 1500 K. In industrial practice, heat exchangers were incorporated to recover excess heat (Hunter 
and Michener, 1973). For a feed-gas mixture rich in SO2 and low in N2 (Run #4, Table 3), the effect of 
temperature on the reduction system was investigated in the 1000 K to 1400 K range; the results are 
shown in Table IV.  

Table IV. Results of the C-H-O-S-N reduction system at 1 atm (101.325 kPa) and 1000-1400 K 

Run No.         I/4S-P7  II/4S-P6 (#4)     III/4S-P8     IV/4S-P9     V/4S-P10 
T / K        1000 K   1100 K      1200 K      1300 K      1400 K 
Vg / L        154.61   171.40      189.28      208.76      229.85 
fS        0.49532   0.53364      0.56438      0.56739      0.50904 
ΔHnet / J        −63675   −60621      −53886      −40730      −19443 
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The data summarised in Table IV confirmed that fS would pass through a maximum as the reactor- 
temperature was increased from 1000 K to 1300 K, and it exhibited a decline with further rise to 1400 K. 
The net heat effect (ΔHnet) remained exothermic at all the five temperatures with the value becoming 
markedly small at the highest temperature considered (Table 4). It is as well to note that the HS-fraction 
of the reacted gas-phase became more significant at higher temperatures, resulting in a larger 
contribution to the net heat effect (ΔHnet) from the endothermic reaction r6 (Table I). 

Recovery of sulphur from non-condensable species 

After condensing the elemental sulphur of the reacted gas-phase leaving the thermal reduction reactor, 
there remains in addition to CO, CO2, H2, H2O, O2, CH4 and N2 six sulphur-bearing species − SO2, H2S, 
HS, COS, CS, and CS2 − which may amount to about one-half of the sulphur in the feed-gas mixture. 
The two-stage basic Claus process offers proven technology that makes it possible to recover nearly   
94% of this sulphur (Gupta, Ibrahim and Al-Shoaibi, 2016). The reaction between hydrogen sulphide 
and sulphur dioxide yields elemental sulphur. The standard free energy change (ΔGo) derived from the 
chemical potential (µo) data listed by Knacke., Kubaschewski, and Hesselmann (1991) is given below. 

 2 H2S  +  SO2  =  2 H2O  +  ⅜ S8 ; ΔGo = −112603 − 12.913 T Ln T + 206.265 T  J           [16] 

This Claus reaction is typically carried out at low temperatures (450-600 K) using an activated alumina 
with large pore-surface area as catalyst; the equilibrium-conversion tends to become progressively 
smaller with higher temperature. The polymer S8 constituted the dominant portion of the sulphur 
vapour in the 500-600 K temperature range (Kellogg, 1971). The remaining species HS, COS, CS, and 
CS2 would similarly undergo oxidation; the following data on standard free energy change (Knacke et 
al., 1991) at 500 K makes it clear that, in each instance, the forward reaction is strongly favoured. 

 4 HS  +  SO2    =  2 H2O   +   ⅝ S8 : ΔGo500 = −490741 J                                                      [17]  

 2 COS  +  SO2  =  2 CO2   +   ⅜ S8 : ΔGo500 = −116003 J                                                      [18] 

 CS     +    SO2   =  CO2      +   ¼ S8 : ΔGo500 = −284247 J                                                      [19] 

 CS2    +    SO2   =  CO2      +   ⅜ S8 : ΔGo500 = −121707 J                                                      [20] 

Provision must be made to ensure there is sufficient  SO2 present in the gas stream to complete the Claus 
conversion reactions 16-20.  An estimate can be readily obtained of the requisite molar amount QSO2 
using the partial pressure data summarised in Table 2.  

 QSO2 = {½ PH2S + ½ PCOS  + ¼ PHS + PCS2 + PCS}{Vg 101.325/(R T)}                               [21] 

The build-up of H2O (as a result of reactions 16 and 17) can adversely affect the activity of the alumina 
catalyst. Furthermore, iron or iron oxide impurity of the catalyst can promote the undesired C(s)-
deposition reaction. The improved operation based on sub-dew point Claus reaction at 400-430 K was 
reported to recover as much as 98% of the sulphur in the process gas stream reaching the Claus unit 
(Gupta et al., 2016). 

  

CONCLUSIONS 

The manufacture of sulphuric acid from SO2-containing off-gases remains the standard practice. In a 
few instances, attempts were made to convert SO2 to elemental sulphur using methane (CH4) and fine 
coal (C). The fact that it is easy to store and inexpensive to transport makes sulphur a desirable product. 
The equilibrium model given here permitted a detailed analysis of the high-temperature (800-1500 K) 
SO2-reduction reactor at 1 atm (101.325 kPa) pressure. The hot reacted gas consisted of a condensable 
elemental sulphur fraction (fS) and non-condensable gaseous species (CO, COS, CS, CS2, CO2, H2S, HS, 
SO2, CH4, H2O, H2, N2 and O2). The solution to the equilibrium model revealed some unusual features 
of the C-H-O-S-N system: fS was found to increase as temperature rose, passed through a maximum 
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and then declined; the feed-gas composition appeared to have a finite influence on the fraction fS. The 
enthalpy change (ΔHnet) for this strongly exothermic process is quite substantial in the 800-1300 K range; 
however, at 1500 K the reduction process became mildly endothermic. The present algorithms can be 
regarded as capable of providing critical data to assist in the process design.  

 

ACKNOWLEDGEMENTS 

The author acknowledges the support of the UW Information Technology which enabled the successful 
execution of the computational algorithms in the fortran language: cho3s.f and cho4s.f. Thanks are also due 
to my son Y. Vijay Rao for his continued assistance.    

 

REFERENCES 

Bahn, G.S. (1960). Hand calculation of equilibrium compositions as a learned habit, and speed-up 
effected with the IBM 610 computer. Kinetics, Equilibria and Performance of High Temperature 
Systems. Bahn, G.S. and Zukoski, E.E. (eds.). Butterworths, Washington DC. pp. 137-140.  

Chase, M. (1986). JANAF Thermochemical Tables, 3rd edn. American Chemical Society, Washington DC 
and American Institute of Physics, New York, 1856 pp. 

Damköhler, G. and Edse, R. (1943). Zusammensetzung dissoziierender verbrennungsgase und die 
berechnung simultaner gleichgewichte. Zeitschrift für Elektrochemie, 49 (3), 178-185.  

Eriksson, G. and Rosén, E. (1973). Thermodynamic studies of high temperature equilibria. VIII. General 
equations for the calculation of equilibria in multiphase systems, Chemica Scripta, 4, 193-194.   

Gupta, A.K., Ibrahim, S. and Al Shoaibi, A. (2016). Advances in sulphur chemistry for treatment of acid        
gases, Progress in Energy and Combustion Science, 54, 65-92.  

Hunter, Jr., W.D. and Michener, A.W. (1973). New elemental sulphur recovery system establishes ability 
to handle roaster gases, Engineering and Mining Journal, 174 (6), 117-120.  

Kellogg, H.H. (1971). Equilibria in the systems C-O-S and C-O-S-H as related to sulphur recovery  
from sulphur dioxide, Metallurgical Transactions, 2, 2161-2169. 

Knacke, O., Kubaschewski, O. and Hesselmann, K. (1991). Thermochemical Properties of Inorganic  
Substances, 2nd edn. Springer-Verlag, Berlin, 2412 pp. 

Malmström, R. and Tuominen, T. (1972). High-temperature reduction of sulphur dioxide gases with 
pulverized coal, Advances in Extractive Metallurgy and Refining. Jones, M.J. (ed.). The Institution 
of Mining and Metallurgy, London, UK. pp. 529-541. 

Nagai, E., Arthur, T.S., Bonnick, P., Suito, K. and Muldoon, J. (2019). The discharge mechanism for  
solid-state lithium-sulphur batteries, MRS Advances, 4, 2627-2634. 

Pankratz, L.B., Mah, A.D. and Watson, S.W. (1987). Thermodynamic Properties of Sulphides, Bureau of 
Mines Bulletin No. 689. United States Department of the Interior, Washington DC, 427 pp. 

Platonov, O.I., Ryabko, A.G. and Tsemekhman, L.Sh. (2005). Optimal technology of sulphur recovery 
out of autogenous smelting off-gas, Proceedings of the European Metallurgical Conference. GDMB, 
Clausthal-Zellerfeld, Germany. pp. 1293-1299. 

Rao, Y.K. (1985a). Stoichiometry and Thermodynamics of Metallurgical Processes. Cambridge University 
Press, Cambridge, UK. pp. 884-886. 

Rao, Y.K. (1985b). Stoichiometry and Thermodynamics of Metallurgical Processes. Cambridge University  
Press, Cambridge, UK. pp. 692-820. 



68 

Rao, Y.K. (1996). An Iterative computation for combustion equilibria, High Temperature and Materials 
Science, 36, 173-183. 

Rao, Y.K. (2007). Computation of equilibrium-state in gas/solid materials systems, Materials 
Transactions (Japan), 48 (4), 787-792. 

White, W.B., Johnson, S.M. and Dantzig, G.B. (1958). Chemical equilibria in complex mixtures, Journal 
of Chemical Physics, 28, 751-755.    

 
 
 
Yalamanchili Krishna Rao 
 
Professor emeritus 
University of Washington  
 
Rao graduated in 1962 with a B.Sc. (Met E) degree from the Banaras Hindu University and proceeded 
to United States to earn his Ph.D. from the University of Pennsylvania in 1965. He worked in industry 
as Research metallurgist before returning to academia as an assistant professor of mineral engineering 
at the Columbia University in the City of New York. Rao received promotion to higher rank in 1972. 
Following an eight month visit to the Max Planck Institute für Eisenforschung at Düsseldorf, he took 
up a faculty position at University of Washington in 1976 and was promoted to the rank of professor of 
metallurgical engineering. After nearly four decades of teaching, research and service, Rao retired in 
2012. He had supervised thirteen doctoral dissertations and more than thirty master’s degree theses 
during his career. He authored the comprehensive text Stoichiometry and Thermodynamics of Metallurgical 
Processes, published by Cambridge University Press, Cambridge, UK in 1985 and his scholarly 
publications on thermodynamics, rate phenomena, extraction and refining of metals exceed one hundred. 
He is presently a Professor emeritus, Department of materials science and engineering, University of 
Washington in Seattle.     


